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ABSTRACT

The freezing and plugging behavior of molten reactor materials (UO2
end 316 SS) is of primary importance in analyzing hypothetical acci-
dent scenarios of the Liquid Metal Fast Breeder Reactor (LMPBR). How-
ever, the reactor materials melt and vaporize at such high tempera-
tures that it is very difficult to obtain data on the behavior of the
pure materials in the laboratory. Because almost no data are avail-
eble for the pure materials, several different theoretical models have
been developed to predict freezing behavior. However, these models
yield such a wide range of predictions that useful accident analyses i

are difficult to perform.

Described in this report is a new experimental apparatus (the "TRAN"
apparatus) in which a pulsed nuclear reactor (the Sandia Annular Core
Research Reactor) is used to melt the reactor materials rapidly. After
the melt is formed, it is forced under moderace pressure into a
" freezing" channel that has a geometry representative of the LMFBR
fuel pin structure. The flow and freezing behavior of the pure reac-
tor materials is then inferred from the final distribution of frozen
naterials, as well as from the transient behavior of the driving
pressure. Theoretical models of varying complexity have been devel-
oped to relate the observed freezing behavior to the flow and heat
transfer characteristics of the reactor materials.

The first series of TRAN experiments, described in this report, was
intended to investigate the validity of current freezing models by
applying them to a simple situation. Therefore the TRAN Series I
experiments used pure UO2 as the molten material, and a simple cylin-
drical freezing channel to simplify the analysis. Five experiments
were performed at different initial channel temperatures. These
experiments showed that a conduction-like fuel crust was formed for
initial steel temperatures less than 973 K, but much of the crust
thickness was composed of a frozen fuel film left behind as the molten
fuel slug moved up the channel. In one instance two blockages con-
taining molten steel formed at the leading edge of the flow. Fuel
penetration distances intermediate between conduction theory and
bulk-freezing theory were observed. A new model embodied in the PLUGM
code was developed to describe these low-temperature results. At an
initial steel temperature of 1173 K, however, rapid, massive melting
of steel was observed, resulting in complex curved interfaces between
the fuel and molten steel but with very little entrainment of molten
steel into the fuel. In summary, generally longer penetration dis-
tances were observed compared to previous models, and the steel-en-
trainment assumptions of previous models were not verified at these
driving pressures; also, important finite-mass effects and liquid-
film-deposition effects were inferred from the results,
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1. INTRODUCTION

The transition phase in the study of LMFBR core disruptive accidents
has recently been identified as a h}gh-priority research area ing
coveral general safety surveys. During the transition phase of
an LMFBR Hypothetical Core Disruptive Accident (HCDA), melting of
individual subassemblies in the active core region leads to the grad-
ual loss of the core geometry. If this process proceeds without
significant fuel removal, the active core makes a " transition" from
its original geometry to a large molten pool of reactor materials.
Suall perturbations of this molten pool can lead to recriticalities,
further energy release into the melt, and large-scale coherent
motions. Numerical modeling of whole-core behavior during such a
fully-developed transition phase has shown a strong tendency for
energetic termination o{ this transition phase, if sufficient fuel
removal does not occur.

Bscause of the unpredictable nature of the molten pool of reactor
materials, this progression into the late transition phase should be
avoided. Processes that remove fuel permanently from the active core
region will reduce both the likelihood and severity of recriticalities
that occur as a result of molten-fuel motion. A neutron-active molten
pool therefore should not develop if molten core materials can pass
through the surrounding blanket structure, leave the core region, and
reach a coolable configuration. An assessment of such fuel removal
requires a good understanding of the phenomena involved in the
freezing and plugging of molten core materials (UO2 and 316 SS) in the
LMFBR blanket structure.

Described in this report are the initial results of a new experiment
concept in which a specialized pulsed nuclear reactor is used to melt
the reactor materials before injection into the freezing channel.
This new technique permits the systematic study of freezing and
plugging phenomena over a much wider range of melt composition and
initial temperature, with better control of the driving pressure and
void fraction of the flow. Upward injection of the flow can also be
studied for the first time. The TRAN program is divided into several
experiment series employing freezing channels of increasing complex-
ity. To study basic heat transfer phenomena with high-temperature
caterials and to simplify the theoretical analysis, the TRAN Series I
oxperiments employed a thick-walled cylindrical freezing channel.

This report describes prerious work, the TRAN Series I experiment
design in detail, the diagnostic methods used to analyze the experi-
rental results, and the preliminary results of the five TRAN Series I
oxperiments.

1
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2. SURVEY OF PREVIOUS WORK

2.1 Experiments

Because fuel freezing and plugging in small-hydraulic-diameter chan-
nels is important in development of the transition phase,5 numerous
experiments have been performed to study these phenomena, either with
low-temperature simulant materials,6 or with high-temperature UO -con-2taining melts.7~9 Both simple hollow cylinders and various pin-bundle
geometries have been used as freezing channels. Some experiments have
involved melts with temperatures substantially above the melting
point. Driving pressures ranging from 0.1 MPa to well over 5 MPa have
been employed, with injection of the melt into the freezing channel
either in a horizontal or downward direction. Although a few radio-
graphic measurements of the transient fuel flow have been made,8 most
experimenters have attempted to interpret the final distribution of
the frozen material in order to understand the transient freezing
process.

Because of the high temperatures and pressures involved in the hypo-
thetical accident scenarios, all experiments performed thus far re-
quire some form of extrapolation from the measurements actually made
to the accident conditions of interest. The advantages and disadvan-
tages of previous experiment concepts are briefly summarized here,
with regard to the information they are expected to yield about the
phenomena that actually occur under accident conditions.

The simulation experiments at low temperatures are usef ul for investi-
gating certain separate effects but would not be expected to yield
direct information on the dominant phenomena that occur with the real
materials at prototypic temperatures. Such experiments have provided
information on phenomena such as conduction-controlled freezing, and
the effects on the freezing process of gas or solid particles con-
tained in the melt. Therefore such simulant experiments are very
useful for model development and validation.

The thermite experiments 7 8 are closer to the actual reactor accident
conditions, because they involve real reactor materials (UO2 and 316
SS) a t high temperatures (=3500 K). In these experiments a constant

iconsible heat of =350 K above the melting point is provided by the Ithermite chemical reaction. Ilo w e v e r , it has been difficult to vary |the amount of sensible heat or to control the driving pressure. The !melt always involves a substantial metallic molybdenum fraction and
|usually a large noncoqdensable gas fraction (N2), that results in a I

foam-like flow in the early stages of the experiment. In some experi-
ments a separation has also been observed between the Mo and UO

2

2
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l

ph2ses. Thus, data have not been obtained from experiments with
coreful control of driving pressure, with variation of melt tempera-
ture and composition, with upward injection appropriate to the upper
oxial blanket conditions, or with a low void fraction melt. In addi-
tion, from the analytical point of view, the experiments are extremely
difficult to model or interpret, or to apply directly to reactors
b:cause of the use of non-reactor materials.

9The induction-heated-UO2 experiments involve pure UO2 melts at tem-
paratures close to the melting point, with downward melt release into
a freezing channel. This heating method requires that the experiments
bo performed in a moderate-pressure atmosphere so that driving pres-
cure differentials have thus far been limited to <0.2 MPa. The few
published data from this experiment series do not cover a wide param-
otor range systematically.

2.2 Analysis

freezing, plain the results ofto ex the ther-Soveral models have been proposed
bulk freezing,7 ablation11o

mite expe{2iments: conduction
freezing, and thin film.13 In each of these models, significantly
different phenomena are assumed to control the freezing and plugging
process, leading to unique final fuel distributions and penetration
distances. The penetration distances predicted by the conduction
model and the ablation-freezing model, for example, differ by more
than an order of magnitude. These existing models assume an infinite
reservoir of fuel.

A capsule description will be given here of the main features of the
four models in current use to analyze fuel freezing situations.
Figure 1 illustrates the final fuel distributions corresponding to
cach model.

Conduction Freezing Model: The conduction freezing model assumes that
a stable UO2 crust freezes on the channel wall, and grows proportion-
ally to a growth constant A. The channel plugs when the crust thick-
noss is equal to the channel radius, thereby pinching off the flow
from upstream. The final fuel distribution appears as in Figure la.

By making simplifying assumptions about pressure drops and the axial
crust distribution, and by ignoring fuel superheat, simple analytic
colutions for the penetration distance and mass penetration have been
derived for the conduction-freezing model:12

i 7/11 214/11x
i V APD

:

E = 0.206 (y)
D 2 2;x a

,

| 1 1
p v

1 s t

m | 31 !
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x in a tube of diameter D withEq. 1 gives the penetration distance,
2 gives the mEs,s penetration out the exit ofdriving pressure AP. Eq.

the tube of finite length L. The quantities py,C represent
and kinematic viscosiEy, and vthe density, specific heat, of the bulk melt,

end a, is the thermal diffusivity of the steel wall.

The quantity A is the growth constant for the fuel crust, where the
time-dependent crust thickness is given by:

6 = 2A /a,t (3)

This equation is valid for the case where the fuel is not superheated.
For the UO / steel system, the value of A is =0.8.142

Eqs. 1 - 3 are very simple representations of the conduction model.
For instance, in Eqs. 1 and 2 a simple crust profile is assumed over
the tube length. Also, the equations do not account for superheat or
pressure losses such as entrance effects. If superheat is accounted
for, the plug will occur downstream of the channel entrance (Figure
in), and the penetration distance, xP, will be greater. In general,

102 to 103 cm forEq. 1 predicts penetration distances on the order of
conditions of interest in the transition phase. More accurate numeri-
cal solutions to the conduction model equations generally predict
chorter penetrations, on the order of 102 cm.

The predicted penetration distances of the conduction model generally

agree guite well with the results of low-temperature simulant experi-
ments. However, Eqs. 1 and 2 overpredict the penetration in thermite
experiments by an order of magnitude. Also, the final fuel distribu-
tions in the thermite experiments did not appear as in Figure la.
Some workers, notably Ostensen and Jackson, proposed the bulk-freezing
model to explain the thermite results.

Bulk-Freezing Model: The bulk-freezing model assumes that a stable
UO2 crust cannot form and adhere to the wall. This may be due to
either the wall being molten or to turbulent shear stresses in the
flow that strip the crust from the wall as soon as it forms. Thus,
bulk cooling of the molten U0 occurs via convective heat transfer2
from the fluid tc the wall surface. Plugging occurs at the leading
edge when it reaches the solidus temperature, after losing the heat of
fusion. The final fuel distribution is shown in Figure Ib.

A penetration distance is obtained by integrating an energy balance
equation for the leading edge of the flow; the lower limit of inte-
gration being the initial fuel temperature and the upper limit being
the solidus temperature of the fuel. The velocity of the fuel and the

5
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wall. temperature are both assumed to be gonstant. The resulting
; equation for: the penetration distance is :
;

6/5 0
D Cp v .2 0.8 T *'- T

v o wEy
- In - - - - (4)x =

P !0.092k P T -T
,

yr g,,p y

.

Eq. 4 typically predicts penetration distances on the order of 100 _

101 cm for UO / steel systems.-2

Ablation-Freezing Model: The ablation-freezing model is closely re-;

| lated to'the bulk-freezing'model. It is assumed that in addition to
frozen UO , molten steel is entrained into the bulk flow. The steel2
entrainment occurs at the entrance to the channel after some finite
amount of time, during which the steel.is heated and a molten steel
layer grows. A mixed " clinker" of frozen UO2, molten UO2, and molten1

1 steel is then formed. As in the bulk-freezing model, plugging.is
i assumed to occur near the leading edge when all superheat and latent
; heat of fusion has been removed from the UO2, and the bulk temperature

of the UO is at the solidus. The final fuel distribution is shown in2
| Figure lc.

i The penetration distance of the fuel front in the ablation-freezing
model is predicted by:

,
.

1 x =x +x (5)p a ci

! In Eq. 5, ~ x is the distance travelled by the fuel front when steel
ablation be, ins, forming the " mixed clinker", and x is the distanceg: cj travelled by the mixed clinker before freezing. The distances x, and
xc "#* 91**" 88

;.

x, = U t, (6)
I and
4

~lT -T
1 x =x 1+ ,mp s,mp
!

c p,bf 7)
h /C +T -T

1 s p,s s,mp s,o
:

i :

i t~

In Refer nce 11, Pr ~1 was used in deriving the constants which
; appear in the equation for x Here, the properties have been left

P.as variables for clarity.

<
1

i

; 6
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In Eq. 6, t is the time at which ablation begins and is given by:
a

16A a T -T,mp s'
t= + t (8)
* (fU) T -Tg, g,,p

The first term in Eq. 8 is the UO2 crust lifetime, and the second
is the time required for the molten steel layer to equal thetorm, t g,

The term t is insignificant in mostlaminar boundary thickness-g
cases (on the order of 10 s), and can often be ignored. Solving

in
j Eqs. 5 through 8 usually Predigts penetration distances of UO20

steel on the order of 10 - 10 cm.

Thin-Film Model: A fourth phenomenological model of fuel freezing and
plugging in the transition phase is the thin film model. In this
model, it is also assumed that no stable crust forms, i.e., frozen UO2
is entrained in the liquid UO2 flow. The steel wall is also assumed
to melt; however, it is not entrained. The heat transfer, then, is
very similar to that in the bulk-freezing model, except that the
offect of an axially moving liquid substrate is taken into account.
The effect of the liquid steel film is reportedly a reduced effective
heat transfer coefficient from the bulk melt to the wall surface. The
penetration distance is given by:

* (9}(h,/hc} p,bfx =
p

where h /h is the ratio of the effective heat transfer coefficient toe e

=0.2-0.4forUO2/steelsystems.{galvaluesfortransfer coefficient. Typthe standard turbulent heat
The finalthe ratio are h /h

fuel distribution should appear as in Figure ld. Note that the dis-
tinction between Figures 1b and ld is the evidence of molten steel
wave patterns.

.

The four freezing models assume certain criteria for crust stability
(both mechanical and thermal), and onset of steel melting and entrain-
mant. In particular, the initial temperatures above which instantane-
ous steel melting has traditionally been assumed are taken from Refer-
cnce 12. That analysis used ccnstant room temperature properties for
the steel, however. The analysis has been redone and suggesta that
the range of conditions for which steel will melt is narrower than
previously indicated. These interfacial temperature calculations are
discussed in Reference 15.

2.3 Summary of Previous Modeling Work

In summary, four distinct phenomenological models have been previously
developed for predicting penetration distances and final fuel distri-
butions for UO2 freezing in steel channels. In the thermite tests,

the ablation-freezing model most closely portrays the final fuel

7
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! distributions, but the actual penetration distances and the typical
location of the steel plugs disagree significantly. Although the
conduction model represents low-temperature simulant experiments very
wall, the high-temperature thermite experiments did not display con-
duction-type crusts or plugs.

A primary purpose of the TRAN experiments is to provide reliable data
; on freezing and plugging phenomena that can be incorporated into a l

qualitatively- (and hopefully also quantitatively-) accurate model. !
As will be shown later none of these simple analytical models by
themselves predict or explain the results of the TRAN experiments. The
phenomena observed in the TRAN experiments have led to modeling that
combines some previous concepts, as well as introducing new effects.
The analytic interpretation of the TRAN Series I results, companion ;

model development, and phenomenological conclusions are discussed in
Saction 5 of this report.
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3. IN-CORE EXPERIMENT CONCEPT

3.1 Unique Features of In-Core Experiments

In performing an in-core experiment on freezing and plugging of reac-
tor material melts, the reactor is used to melt the material rapidly
and heat the melt to a desired temperature. The Annular Core Research
Rsector (ACRR)16 at Sandia National Laboratories is able to melt
camil-diameter UO2 samples (d= 1 cm) , and heat them relatively uni-
formly to temperatures of about 4300 K within 30 ms. The resulting
colt (either pure UO2 or variable UO2 / steel mixtures) is then avail-
eble for injection either upward or downward into a freezing channel,
at an arbitrary pressure of up to 10 MPa (for existing ACRR safety
constraints).

Compared po other high-temperature expe{iments using reactor material8ciculants or real reactor materials, in-core experiments offer
significant advantages: (1) the ability to vary the sensible heat
above melt over a wide range, (2) the decoupling of the melt tempera-
ture from the driving pressure, (3) the ability to study pure UO2
malts at high sensible heat and variable driving pressure, (4) the
ebility to study upward melt injection for the first time, (5) the
reduction or elimination of the large noncondensable gas fraction
present in the thermite melts, and (6) the ability to study a range of
UO2 / steel melt combinations at arbitrary temperatures and driving
pressures (including the pure UO2 case). The principal disadvantages
of in-core experiments appear to be the relatively small amount of
fusl which can be melted (at most, a few kg), and the difficulties of
poottest examination of an irradiated experiment.

A ceries of in-core experiments with freezing channel geometries of
increasing complexity is planned, in an effort to understand the
c parate effects involved in the actual pin bundle geometry. In
addition, as experience with the safety aspects of the TRAN apparatus
10 gained, experiments corresponding to perhaps seven pin bundles
night eventually be performed. Finally, the Hot Cell Facility (HCF)
at Sandia National Laboratories is able to perform a wide v
poottest examination operations on irradiated experiments.1priety of

3.2 General Description of the TRAN Experiments

Tho general concept of the TRAN fuel freezing experiment is shown in
Figure 2. A 44 g, 10-cm-long column of UO2 is melted rapidly by an
intense neutron pulse from the ACRR, and is propelled upwards into the
pecheated freezing channel by helium gas applied to the base of the

9
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Figure 2 Schematic diagram of the TRAN series I experiment.
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relten fuel column. A pressure system assembled primarily from com-
carcial components provides a fast-risetime (10% to 90% pulse risetime
= 5 ms) helium gas pressure pulse (see Figure 3). The delay between
the valve trigger pulse (at t=0 in Figure 3) and the initial peak of
the pressure pulse is roughly constant at about 40 ms for all valves
ured.

|| 5 8 8 3

g i i I 8

8 '>-
Wi

~

Eo
o>en
0) Ew< TRIGGER
EE PULSE
0 t-

m
E
S

II i . . .i i . .

O 50 100

TIME (ms)

Figure 3 Representative shape of the applied pressure pulse.

The,=300 cm volume of the pressure system is large compared to the3

=15 cm volume occupied by the fuel column and the freezing channel,3

co that the molten fuel flows into the freezing channel under a nearly
3

constant driving pressure. A large-volume (=100 cm ) dump tank is
also provided at the top of the apparatus, so that any noncondensable
ges that escapes from the fuel, or any gas that leaks past the fuel
column before melting, will produce a negligible backpressure at the
cnd of the freezing channel. Eddy-current pressure transducers are
located in the pressure system, just below the fuel column, and in the
dump tank. These transducers permit the monitoring of the applied
pressure and the gas flow out of the reservoir and into the dump tank.
Thermocouples are located at eleven selected points, to regulate and
cenitor the temperature of the freezing channel, to monitor critical
tcmperatures such as the solenoid valve temperature, and to detect any
tcmperature increases caused by the freezing of fuel in the freezing
channel. The TRAN-2, -3, and -4 experiments also incorporated five
pistinum self-powered detectors in an attempt to measure the time-
d: pendent fuel motion out of the fuel melting chamber and through the
freezing channel.

11
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4. RESULTS OF TRAN SERIES I EXPERIMENTS

These experiments are the first to use pure reactor materials at
conditions expected in transition phase scenarios, including high melt
temperatures, low driving pressures, and upward melt injection. Be-
cause the objective of these Series I experiments was to investigate
the high-temperature interaction phenomena of the real reactor materi-
als, a simple cylindrical-flow-channel geometry was chosen to simplify
the theoretical analysis. |

|
14.1 General Characteristics of the Experiment Results
|

Figure 4 shows a schematic drawing of the final fuel distribution that
was characteristic of most TRAN Series I experiments. Typically, the
freezing channel was not blocked completely, but was lined with a
frozen fuel layer which extended from 40 to 90 cm beyond the entrance
to the freezing channel (however, very solid blockages were observedin one experiment). A small amount of fuel or fuel / steel debris wasucually observed beyond the freezing channel exit. Much of the ini-tial fuel load was found in the fuel melting chamber and below, indi-
cating that gravity effects or fuel dispersal by entrained gas pres-
surization were important at some time during the experiment while thefuel was still molten.

The preliminary results of the TRAN Series I experiment program are'

summarized briefly in Table 1. In Table 1, T is the initial temper-eture of the steel freezing channnel, T is theF temperature of thenolten fuel, P is the driving pressure differential across the columnof molten fueli L is the length over which frozen fuel is observed inthe freezing chan8el, and FF is the fraction of the total fuel loadwhich is frozen in the freezTng channel or higher at the end of the
oxperiment. Table 1 is subdivided into two main ranges of T cor-responding to how rapidly steel melts upon contact with molt 5n, U02For T 4973 K,
upon $nitial contact,an infinitely-thick steel wall is not expected to meltwhile for T >l173 K, the steel is expected to! colt instantaneously. Qualitativ$ly different fuel-steel interaction
phenomena were observed in these two ranges.'

Virtually no gas flowed past the molten fuel columns in the early
otages of fuel flow. However, in all experiments except TRAN-2 a '

ccmewhat restricted gas flow through the freezing channel began after l
cbout 20-60 ms of fuel flow, with pressure equilibration being reached
after 1-2 s. It is not clear whether the gas flow restrictions ob-
corved were caused by porous blockages in the channel, or by the

'

I

ccabination of gas heating with narrowing of the channel diameter by
the fuel crust. Because some debris was observed beyond the freezing
channel in several cases, it is conceivable that porous blockages may

1
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Table 1 Preliminary Results of the TRAN Series I Experiments

-- _
_ -- _ _ --------- _ --- _--

___ -

Steel
3(K) Tp(K) P # b cm Blckgs? Removal FFc(

T
D c

_

TRAN-1 673 3170 1.6 70t10 e none >32 i

TRAN-2 873 3720 1.0 87 two slight 51

TRAN-3 943 3770 1.0 67 none slight 42
if any

'
.TRAN-4 11.73 3750 1.0 48 none much 42

, near
channel
entrance

' TRAN-5 1173 3590 0.3* =45 c some 27
near
channell;
entrance

!

*P is the initial driving pressure difference; TRAN-5 had a back-D
pressure of 0.2 MPa in the channel and a pressure applied below the
fuel of 0.5 MPa.

The mass of fuel in the
.

two blockages is about 0.9 g.,

"Significant restriction in gas flow observed.
|
'

have been present for a short time after fuel freezing, but these may'

have broken up and dispersed as the fuel cooled.

The three experiments conducted in the lower initial steel temperature
range all exhibited substantial fuel penetration, even in the case of
TRAN-2 where a blockage occurred. In TRAN-1, which had an initial,

'

steel temperature of 673 K, no evidence of steel melting was observed
from either the radiographs of the test section or from the posttest
destructive examination of the freezing channel. The radiographs for
both TRAN-2 and TRAN-3 (initial steel temperature of =900 K), however,
suggested that some steel melting may have occurred near the entrance
to the freezing channel. For the case of TRAN-2, this was confirmed
by the posttest destructive examination which showed that steel melt-
ing and entrainment did occur. In fact the high steel content (=20%)
and the microstructure of the TRAN-2 blockages suggest that the
entrained steel may have caused the blockages in that experiment.

i

I
<
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In the. higher ~ steel temperature range, where substantial mixing and
.

-

-intoraction of fuel and steel might be expected (but was not obser-
ved), significantly shorter fuel penetration lengths were observed.
No thick, axially-confined blockages analogous to those of'TRAN-2 wereg

. observed, although partial blockages might be inferred from the radio-
gecphs at some axial locations. Both TRAN-4 and TRAN-5 showed evi-
dance-of~ fuel slumping or draining out of the freezing channel into

However, the mass of fuelthe upper'part of the fuel melting chamber.
' frozen'in the freezing channel .and beyond differed significantly
' between TRAN-4 and TRAN-5.

butTRAN'-5 not only' employed the lowest driving pressure difference,'

was also the first experiment in which a significant backpressure~

(=0.2 MPa)'was present:in'the freezing channel. It was therefore

interesting that a large, short-duration, positive pressure-pulse was
observed in the dump tank as fuel first began to flow up the channel.

_

Evidence from previous experiments without backpressure suggests that
this pressure pulse was caused by. heating of the dump tank gas by
finely-divided debric near th? tront of the fuel flow. This pressure

pulse also suggests that the. lower P and the backpressure resulted in
oloss fuel frozen above the fuel melting chamber.

4.2 Conclusions on Fuel Freezing Behavior
f.The following conclusions can be drawn from the five experiments o1

. the TRAN Series I program:<

Fuel penetration lengths (L in Table 1) have generally been
L(1) considerably longer than th8se predicted by the common models

used to analyze reactor accident scenarios. For example, the

bulk-freezing and abl~ation-freezing models predict much shorter.
penetration lengths (5 to 20 cm) than observed in these experi-
ments, under conditions in which thsae models are expected to

andapply (the bulk-freezing model applies in all experiments,
the ablation-freezing model also applies for experiments with'

steel wall initial temperatures of 1173 K or greater). The

penetration length appears to decrease with increasing steel
temperature, though perhaps not in a simple fashion. Simple

. conduction models predict very long penetration lengths, and the
more sophisticated conduction models that predict shorter pene-
tration lengths do not .give the correct form of the crust thick-

The finite mass in the fuel slug was also an importantness.factor in determining the fuel'penetratioafdistance, and a new
;model accounting for this effect was develo' ped as part of the.
TRAN program. The long penetration distances observed in these
experiments indicate the possibility of greater fuel removal than
assumed in many models of LMFBR accident scenarios.

(2) The presence of a stable fuel crust (or frozen fuel layer) was an
important feature of the experimental results. The deta'iled-
< character of this frozen fuel layer varied strongly with initial
steel temperatdre. The layer was'very uniform in thickness and

butin grain structure at initial steel temperatures <973 K,
variable in thickness and " foamy" in structure at initial steel

15
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temperatures >l173~K. The fuel layer limited the heat. transfer
from the bulk fuel flow to the steel wall, resulting in fuel
penetration distances that were longer than the predicted
distances.

:

! In the lower-temperature experiments the final frozen fuel' layer
| probably consisted of a frozen crust formed during fuel flow,

with an overlying fuel layer which was originally deposited as a,

! liquid film (analogous to the liquid sodium film left behind |

during sodium voiding). j

I

In those experiments in which steel melting occurred, the fuel
layer was suf ficiently fluid to participate in fluid instabil-
ities with the underlying molten steel layer, as well as form
complex fuel / steel / fuel layers at one or more axial locations.
However, at the driving pressures used in these experiments 1

I

(between 0.3 MPa and 1.6 MPa), the fuel layer was sufficiently !stable that fine-scale mixing of fuel and steel did not occur on
a widespread basis. The observed mixing of fucl and stool oc-

3

icurred primarily tnrough formation of small globules of fuel /
steel eutectic that were surrounded by fuel crust. |

>

1 I

i Thus, these experimental results disagree strongly with the
1 ablation-freezing model, which asasumes immediate entrainment of
{ molten steel into the fuel flow, with fine-scale mixing.

(3) The threshold for rapid melting of an infinitely-thick steel wall,

occurs for initial steel temperatures between 973 K and 1173 K,
in contrast to earlier models which predicted steel melting for

*

temperatures as low as 673 K. This discrepancy was removed by
improved heat transfer calculations in which the temperature
dependence of steel properties was included. These. calculations |

predicted the instantaneous melting of a thick steel wall at
about 1073 K or greater.

(4) A consistent feature of the results appears to be the presence of
a finely-divided debris flow which precedes the main fuel flow.
This debris flow does not appear to contain appreciable gas
because pressure transducers do not show an accompanying pressure
rise. The debris flow appears to be independent of the presence
of a background pressure in the freezing channel, based on the
pressure transducer record and the gamma scans of TRAN-5. The ldebris has sufficient kinetic energy to penetrate all the way i

through the 130-cm-long freezing channel and lodge at-the top of
the dump tank. The character of the debris depends on the initi-
al steel temperature: at low initial steel temperatures the-

debris appears to be fine fuel particles, but at high initial
steel temperatures the debris consists of fine, well-mixed fuel

: and steel particles. It is not clear to what extent this effectis characteristic of reactor accidents. If it is characteristic
then depending on the free volume available beyond the blanket

; structure of an LMPBR, these particles could be important in the
; heating.of vapor or sodium beyond the blanket structure during an'

accident sequence.

16
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4.3 Preliminary Implications for LMFBR Safety

Tha TRAN Series I results are of considerable importance for under-
etanding fuel / steel heat transfer phenomena, especially for thick
channel walls. The experimental results are discussed in relation to

three questions of importance to reactor safety:

(1) How much fuel freezes and remains in the region above the active
(analogous to FF in these experiments)?core

(2) Are tight blockages formed which would prevent the escape of gas
or molten material from the active core region?

| (3) Are the detailed phenomena of fuel freezing sufficiently well
| understood to permit the extrapolation from laboratory experi-
|

ments to the accident scenarios of importance?

The observed fuel penetration distances are much longer than those
predicted by the bulk-freezing model (which should apply even in the
absence of steel melting). An initial interpretation of the low-
tamperature TRAN Series I results implies that for a driving pressure
of =1 Mpa and a structure temperature <973 K, more fuel will be
relocated into the axial blanket structure than indicated by the,

FF ranged between 30thermite experiments. The frozen mass of fuel,This amo8n,t of frozen fuel
and 50 percent of the initial fuel load.
por flow subchannel in the axial blanket structure would represent a
oubstantial fuel removal from the active core of an LMFBR. Based on

these preliminary results it appears that the fuel penetration dis-
tance will decrease with increasing steel temperature, and the amount
of fuel removed will decrease with decreasing driving pressure.

these Series I experiments do not yet include the effects ofHowever,
the complex fuel pin structure, or the various mechanisms which might
parmit frozen fuel to melt the structure on which it has frozen and
drop back into the active core region. Because the TRAN Series I
experiments do not include the effects of fuel / steel mixtures, the low
haat capacity of cladding, and the potential for crust instability on
the outside of cladding, TRAN Series II experiments have been designed
to investigate these phenomena in greater detail.

,
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5. ANALYSIS OF THE TRAN SERIES I EXPERIMENTS

Detailed posttest destructive examinations have been performed for the
TRAN-1, -2, and -4 experiments (see appendices C, D, and F, respec-
tively). The results of these examinations show that a significant
variation in final fuel distributions was obtained for these three
experiments. The TRAN-1 experiment, with a low initial steel tempera-
ture of 673 K, was characterized by.the absence of a fuel blockage
formation and a fairly long (80 cm) fuel penetration distance. The
channel surface was covered by a nearly uniform thickness of fuel
crust for the entire length of the penetration distance. The TRAN-2
experiment, with a nomewhat higher initial atool temperature ot 873 K,
also exhibited a long penetration distance with a fuel crust over the
length of the penetration. For this experiment, however, there was a
small amount of steel melting near the channel entrance and a blockage
at the leading edge of the fuel flow. The TRAN-4 experiment, with the
high initial steel temperature of 1173 K, resulted in a substantially
shorter penetration distance (50 cm), significant steel melting, and
complex steel entrainment and fuel / steel mixing. A tight blockage
(impervious to gas flow for a significant fraction of a second) such
as occurred in TRAN-2 was not observed.

A safety analysis of the transition phase of an LMPBR accident re-
quires that one be able to predict the fuel removal characteristics
through the various potential escape paths such as the upper axial
blanket region and the intersubassembly gaps. Thus one needs to be
able to predict the fuel removal in such experiments as TRAN Series I,
as well as under more complex conditions (different driving pressure,
fuel / steel mixtures, different geometries, etc.).

Four simple analytic models of fuel plugging and freezing were des-
cribed in Section 2. A comparison of the qualitative final fuel
distributions for these models (Figure 1) with the final fuel distri-
butions seen in the posttest destructive examination of TRAN-1, -3,
and -4 clearly shows a major inconsistency. In TRAN-1 and TRAN-4, no
blockage was formed and the channel was not filled with fuel. Even in
TRAN-2, however, where a blockage was observed, most of the channel
was void of fuel. This was inconsistent with all of the models, which
show most of the channel filled with fuel. Thus, one obvious incon-
sistency between the TRAN results and the four simple models was the
assumption of infinite fuel availability in the models; only a finite
amount of fuel was available in the experiments.

The results of the four analytic models as applied to the TRAN Series
I experiments, (ignoring finite-mass effects) are shown in Tables 2
and 3. The predicted penetration distances for the conduction model
are several meters for each experiment. Thus, this simple model is
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Table 2

Penetration Distance in the TRAN Series I Experiments
as Predicted by Four-Analytic Models

- - - - - - - -~ _ --_ - _ ------- _.- _ _ -- .

Penetration Distance (m)
8' II

Exp. Conduction Bulk Thin Film Ablation

IC)
.TRAN-1 5.1 0.07 n.a. fn.a.

I
TRAN-2 4.3 0.10 0.34 0.47

I
TRAN-3 4.3 0.11 0.36. 0.33

I)
TRAN-4 4.3 0.ll 0.36 0.28

|

0.09(*) 0.30 0.56
! TRAN-5 2.8

\ ._ _

_ - - .

i
# Using A = 0.8

| Assuming h /h = 0.3

.
jAssumingvEloEity=13m/s

! Assuming velocity = 10 m/s
' Assuming velocity = 7 m/s'

!

t Table 34

Location of Blockage in the TRAN Series I Experiments
4 as Predicted by Four Analytic Models
i

-------- _ ---
>

- - - - - - _ _ _ _
-----_

| Location of Blockage (m)

; Exp. Conduction * Bulk Thin Film ( } Ablation
4 -
,

i
-

0.07(#} n.a. n.a.'

TRAN-1 0.0

0.10(d) 0.34 0.05TRAti-2 0.0

Id)
l TRAu-3 0.0 0.ll 0.36 0.05

I)
TRAN-4 0.0 0.ll 0.36 0.04

0.09(*) 0.30 0.03TRAN-5 0.0
.

_-

,

*using A = 0.8
bi

; Assuming h'/h = 0.3 ;

Assuming v81oEity = 13 m/sC
!

Assuming velocity = 10 m/s
;
~ * Assuming velocity = 7 m/s
!
'
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inappropriate because of the limited fuel available in the experi-
ments. Further, the model is obviously in error for TRAN-2 because a,

; blockage actually did form with a penetration distance much less than
| 4.3 m. Both the bulk freezing and thin-film models predict penetra-
i tion distances shorter than the observed penetration in the experi-

ments. Also, only TRAN-2 exhibited the type of leading edge blockage
that these models predict. The ablation freezing model predicts a
penetration distance for TRAN-5 that is reasonably close to that
observed in the experiment. However, the model also predicts the
blockage forming near the channel entrance and that the channel
extending from the blockage to the leading-edge of the flow would be
filled with UO2. This predicted final fuel distribution is not con-
sistent with the observed final distribution.

Thus, it is clear that the actual behavior seen in these TRAN Series I
experiments is more complex than the behavior assumed in the existing
simple fuel-freezing models. Simple models, such as those previously
described, ere desirable, because they can presumably be readily
incorporated into largor accidant analysis codos. Ucwover, before
such a simplified model can be developed and verified, a better under-
standing of the fuel freezing and steel melting and entrainment prob-
lem is required. It has been the goal of the TRAN analysis effort to
try to provide this improved understanding.

There are clearly several important phenomena that are not correctly
treated by the existing models. A key phenomenon for these experi-
ments is the finite amount of molten fuel that is injected into the
freezing channel. The effect of such finite-mass is not accounted for
by existing models. To determine the importance of finite-mass ef-
fects, a new analytic model has been developed that accounts for
finite-mass effects in the context of conduction-limited freezing.gg
The key features of this model are illustrated in Figure 5. A finite
mass of fuel is accelerated through the freezing channel by the
applied driving pressure. While the slug is adjacent to the channel
wall, crust growth occurs by standard conduction-limited behavior. At
the trailing edge of the moving fuel slug, a film of liquid fuel is
deposited over the crust that has formed. Thus, depletion of the
liquid fuel in the slug occurs by a combination of crust growth and
film deposition so that the slug length, L,, decreases with time.

A key parameter in such a model is the amount of liquid fuel deposited
as a film at the trailing edge of the fuel slug. Experiments that
have been done to investigate sodium expulsion from LMFBR subassem-
blies and the size of sodium films loft behind indicate that for tur-
bulent flow in a cylindrical flow channel, the liquid films can be

1

characterized by an aregg fraction (fraction of available flow '

channel) of about 0.15. This result is reasonably independent of
velocity and material properties (various simulant fluids were used).,

'

This film thickness criterion has been applied for the TRAN analysis. j
1

This finite-mass conduction-freezing / film-deposition model was applied
to the analysis of TRAN-1, -2, and -3. The calculations were per-
formed for an initial fuel mass that was set equal to the final mass
of fuel measured to be in the freezing channel (see discussion that

20
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1

follows). In this manner, the analytic model gave good qualitative
agreement with the penetration distances and crust thickness measured
in the experiments. Thus, it was concluded that the phenomenon of
mass depletion by crust growth and film deposition is very important
for the understanding of the TRAN results.

While the above analytic model demonstrated the importance of finite-
mass effects, it could not be readily extended to incorporate other

19 was developed toimportant effects. For this reason, the PLUGM code
more accurately predict the TRAN experiment results. The main fea-
tures of the code that apply to the analysis of the TRAN Series I
experiments include:

Detailed calculation of crust growth and wall heatup accounting*

for possible wall melting

e Calculation of convective heat transfer from the bulk melt to
the crust surface baaad on local bulk-melt Reynolds number

Hydrodynamic analysis of the pressure-driven molten-fuel sluge
accounting for inertial effects, area-change pressure drops,
and friction losses

Calculation of molten fuel depletion by crust growth ande
liquid-film deposition at the trailing edge of the fuel flow
Calculation of enhanced film deposition by Rayleigh-Taylore
instabilities caused by slug acceleration effects.

It is important to note that currently the PLUGM code does not have
the capability to model the entrainment of fragmented crust or molten
wall into the flowing bulk melt material. Thus, stable crusts are
assumed, even in the presence of an underlying molten wall layer. The
steel entrainment seen in TRAN-2 and TRAN-4 (and presumably in TRAN-3
and TRAN-5) is not accounted for in any of the current analyses. Thus,
the blockage formation seen in TRAN-2, which appears to be caused by
the presence of entrained steel, cannot currently be analyzed.

An important parameter in the PLUGM analyses of these TRAN Series I
experiments is the initial mass of molten fuel assumed to flow into
the freezing channel. In all cases, the initial fuel load in the
melting chamber was about 44 g. However, as was shown in Table 1,
typically less than half of the initial fuel load ended up in the fuel
freezing channel. Some of the remaining fuel was deposited on the
melt chamber walls in the form of crust or a liquid film or both.
However, crust growth and film deposition in the melt chamber could
not account for all of the remaining fuel. A substantial amount of
the fuel actually drained (or was dispersed) below the melt chamber.
The mechanism for this downward displacement is currently unknown.
However, one possible explanation might be the presence of trapped gas
in the original fuel sample, which upon fuel melting was heated and
compressed, thereby leading to internal pressurization of the molten
fuel. If the internal gas content was high enough, the gas pressure
internal to the molten fuel could initially exceed the applied driving
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pressure and result in downward dispersal (below the malt chambar) of
COce of the molten fuel. The PLUGM code cannot model such internal

Thus, it was neccessary topressurization and downward dispersal.
perform the PLUGM calculations with less than the actual 44-g-initialThe initial mass used in the calculations was then simplyfusl load.dstermined from the final mass of fuel that ended up in the fuel crust
clong the length of the freezing channel (as determined from the
poottest examination of the experiments). These amounts (shown in
Table 4) differ slightly from the values given in Table 1, because

thsy do not include the fuel in the blockage (TRAN-2) or in the dump
tenk.

The PLUGM code was applied to the analysis of all five of the TRAN
S3 ries I experiments. The important parameters used in these calcula-
tions are summarized in Table 4. It is expected that the calculation
for TRAN-1 is the most accurate, because there is no steel melting or
entrainment in this experiment. The steel melting that was observed
in TRAN-2 and TRAN-4 (and is thought to have occurred in TRAN-3 and

is also modeled. However, the entrainment of steel and theTRAN-5)possible effect this has on the fuel flow (possible blockago forma-
tion) is not modeled. Thus, the current PLUGM calculations, espec-
ially f or TRAN-4 and TRAN-5, are not intended as best estimate
cnalyses. They are nonetheless useful for interpretation of the
experiment results.

Table 4

Summary of Key Parameters Used in the PLUGM Analysis
of the TRAN Series I Experiments

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -
Driving

Mass of Fuel Initial Fuel Initial Steel Pressure

Exp. in Crust (g) Temperature (K) Temperature (K) (MPa )

---_______ _ _______________ _ __ _ _______ _ ____ _ = _ - -

1 15.3 3170 673 1.6

2 21.1 3720 873 1.0

3 14.9 3770 943 1.0

4 14.7 3750 1173 1.0

5 11.3 3590 1173 0.3*

Variable in time due to dump tank pressurizationu
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In Table 5 a summary of the PLUGM results is presented showing the
measured and PLUGM-calculated values for the penetration distance, the
crust thickness at the entrance to the channel, the axial extent of
wall melting, and the wall melt thickness at the entrance to the
freezing channel. Only selected measured values are available for
comparison with the calculations.

Table 5
4

PLUGM Predictions of the Fuel Crust Distributions
in the TRAN Series I Experiments j

Axial Crust Length GE) Crust Thickness at Inlet [mm)
Exp. meas. pred. meas. pred.

1 0.70 0.70 0.25 - 0.31 0.26

2 0.87 0.98 0.23 - 0.52 0.18

3 0.67 0.77 0.17---

4 0.48 0.77 0.13 - 0.46 0.17

5 0.45 0.53 0.21---

_

__

As can be seen from Table 5, for the assumed mass of fuel in the
freezing channel, the predicted and measured crust lengths match
extremely well for the TRAN-1 experiment. Shown in Figure 6 are the
measured and predicted axial crust thickness distributions for this
same experiment. Additional details of the PLUGM calculation for
TRAN-1 are shown in Figures 7 and 8. Figure 7 shows the position of
the liquid fuel slug in the channel as a function of time. Depletion
of the molten fuel can be seen as the slug moves up the channel. As a
result of this mass depletion the slug mass and length decrease there-
by resulting in an acceleration of the fuel. This is shown in Figure
8. This behavior is typical for all the TRAN calculations.

The results for experiments TRAN-2 through TRAN-S as shown in Table 5
indicate a somewhat (= 10% ) longer predicted crust length than was
cctually observed in the experiments. In TRAN-2 a blockage was formed I

co that the PLUGM modeling assumption of complete mass depletion by l

crust growth and film depocition would not be valid. Thus, at the I

time the leading-edge blockage formed, there may have been a small
molten-fuel slug behind the blockage, which subsequently drained back ,

|down the freezing channel. This would lead to a higher linear density
of fuel in the freezing channel than predicted by PLUGM. In TRAN-4
cnd TRAN-5, there is evidence of complex molten steel entrainment,
which led to enhanced bulk-fuel cooldown and obviously affected the
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experiment.

hydrodynamics of the fuel flow. These phenomena are also not ac-
counted for in PLUGM, and thus the disagreement between measured and
calculated penetration is not surprising. The cause of the discrep-
ancy for TRAN-3 is not known. There was no evidence for a complete
blockage as in TRAN-2. However, it is predicted that there was more
steel melting than in TRAN-2, and this steel melting and possible
entrainment may be responsible for altering the hydrodynamics of the
fuel flow.;

The wall melting results are shown in Table 6. As can be seen, wall
melting was restricted to the first 10 to 20 cm of the freezing chan-

'

nel in TRAN-2 and TRAN-3. More melting was expected in TRAN-3 than in
,

TRAN-2 because both the steel and fuel initial temperatures were
,

higher. In TRAN-4 and TRAN-5, wall melting was predicted to extend
over the entire length of the freezing channel that contained fuel
crust. However, the thickness of the molten layer was larger near the

! channel inlet than at the top of the fuel penetration. This is seen
in Figure 9, which shows the final axial distribution of the molten
steel layer in TRAN-4. Figure 10 shows the development in time of the
molten steel layer at the channel entrance in TRAN-4. It should be
noted that the calculation of crust growth and wall melting terminates
when the trailing edge of the slug passes a given position. Thus,

' freezing of the liquid film layer and possible further wall melting
are not explicitly calculated. It can be seen in Figure 8 that the
molten steel layer is still growing when the trailing edge of the slug

26

- -.- .- - - - - . - . - . - - -



.. -
.. .. ..

i

pnsses the channel entrance. Thus, the cooldown of the liquid film

probably resulted in some additional wall melting.

Table 6
PLUGM Predictions of Wall Melting in

the TRAN Series I Experiments

Axial Extent of Melting (m) Melt Thickness at Inlet (pm)

Exp. _
_

pred.__,_ meas. pred.__meas.

1 none none none none
2 0.09 - 0.12 0.1 500 75

* 70
3 * ,0.18

4 0.24 entire length 55 - 500 120
* 90entire length5 *

-_____
- - _ _ _ _ _ _ _ _ _ - - ----___ _ _ _ _ _ . . _ .

, - .

not measured

0.200 i , , , , i , , i

-

0.175 -

E -

E 0.150 -

-

e -

m 0.125 -

W
z

-

x 0.100 -

9
x
H 0.075 J

-

F
.J -

w 0.050 -

I )
-

0.025 -

' ' ' ' ' ' ''' I

0.000
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

AXlAL DISTANCE (m)

Figure 9 Predicted wall melt distribution in the TRAN-4 experiment.
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The excellent agreement between the PLUGM predictions and the measured
values for TRAN-1 indicate that the relevant phenomena are being
cdequately modeled by PLUGM for the case of no wall melting. In this
case the fuel freezing behavior is well described by a conduction-
freezing model if the acceleration and film-deposition effects are
cccounted for. This same model also forms a good basis for the des-
cription of the higher temperature experiments. Thus, the model
qualitatively predicts such parameters as the extent of wall melting.
However, it is clear that additional modeling is required for a com-;

'

plate desciption of these experiment results. These models must
describe,

| * the timing of molten wall entrainment
t

the amount of molten wall entrainment as a function of time*'

the characteristic size of the entrained material*

the bulk internal heat transfer between entrained wall material*

and molten fuel

the effect of bulk melt cooldown and wall material entrainmente

on the hydrodynamics of the flow (film deposition)
Further development work on PLUGM to model these phenomena is,

'

continuing.

|
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APPENDIX A

TRAN EXPERIMENT PACKAGE DESIGN

1. OVERALL DESIGN

Pigure 11 shows an approximate scale cutaway drawing of the apparatus.
Tho pressure system components consisted of Whitey and Nupro valves, a
Whiley pressure cylinder, and Cajon precision pipe fittings. The
pressure system components were sealed together with Teflon tape. The
coximum fill pressure of the system was limited to 1850 psi by a
cafety rupture disk on the pressure reservoir valve. The solenoid
volve was a Circle Seal SV30S32P4PE, requiring a 24-volt actuating
pulse which was controlled by a special noise-insensitive trigger
circuit.* A delay of about 45 as between the valve actuating pulse
and the peak of the applied pressure pulse was measured for all
volves. During the actual experiment, the solenoid valve was left
cpen for ten seconds (to allow complete freezing) and then closed
egoin to reduce possible contamination of the pressure system. Kaman
Sciences KP-1911 absolute pressure transducers were used, with a
typical pressure range of 0-2000 pai to cover the entire range of
interest. These were sealed into the apparatus with Pressure Science
C-coals which were coated with either silver (for T. < 873 K) or gold
(T Care was taken to reduce incidental Heating of the
K05an> 873 K)."hard" cables as they passed by the freezing channel, to reduce
zoro shifts in the pressure readings as the apparatus was heated.

Much useful information can be obtained by analyzing the flow of gas
and molten fuel through the melt chamber and freezing channel. For

this reason, Table 7 gives the volumes of the gas reservoir and asso-
the free volume between the solenoid

ciated pressure transducer (Vvolve and the base of the fue1g)(V,),
,

the volume of the freezing

channel (Vg ), the volume of th. Hamp tank and connecting channels
vof5m).,s,ndEhelengthofthyfreezingchannel(LIR)c.

In Table 7, the(V a
V, ar. giv.n in cm and th. 1.ngth, L, m.

In TRAN-1, -2, and -3, Samox-insulated high temperature heater tapes
wore applied directly to the 316 SS freezing channel. Because the
heater tapes degraded and shorted out to the metallic freezing channel
at sustained temperatures above 973 K, Watlow biaxial heaters were
wound onto the freezing channel for TRAN-4 and TRAN-5. Johns-Manville
Q-Fiber felt insulation was used to insulate the preheated freezing

Designed and fabricated by G. L. King, Sandia National Laboratories,
Albuquerque, NM 87185
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Table 7. TRAN Series I Package Design Parameters

V V V V L
gr vf fc dt fc

_

315 37 10.2 135 130

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -

The containment canister waschannel from the containment canister.bnckfilled with 0.05 MPa of helium for thermal coupling to the cooling
cir flow outside the containment' canister. The temperature-control-

316 SS freezingling thermocouples were wired to the surface of the
chonnel, underneath the heaters.

A heat-conducting plate was placed just above the solenoid valve, to

f rom the pressure inlet pipe to the conLoimeentconduct leakage heatWith this arrangement, the solenoid valve temperaturecanister wall. well below its maximum operating temperature of
|

ntver exceeded 308 K,
' 343 K.

2. FUEL LOAD AND FUEL MELTING OHAMBER DESIGN

Special UO2 pellets of 80 percent theoretical density and enrichments|
ranging between 9.5 and 11.1 percent were fabricated by Los AlamosThe pellets were 5.08-cm long with a O.80-cm-Na tional Laboratory.Two fuel pellets were placed in the fuel meltingoutside diameter.chamber, which had a 0.820-cm-inside diameter and a length of approxi-

The average density of 80 percent was chosen to mini-cotely 11 cm.
mize spurting of the molten fuel when it underwent expansion upon

The radial gap of 0.01 cm was chosen to be small enough thatmulting.
the gap was sealed by radial expansion well before fuel melting
occurred (2.5 percent expansion required), but large enough to mini-
mize soli 3-state single-phase pressures against the melting chamber
wall, which might occur before fuel melting. A cone-shaped transition
wcs used between the end of the fuel melting chamber and the freezing
channel to provide smooth flow from the melting chamber into the
freezing channel (Figure 12). A total fuel mass of 44 g of UO2 was

chosen as being representative of the mass of fuel in the active core
of an LMPBR per flow subchannel.

The diameter of the fuel pellets, the thickness of the molting chamber
wcil, and the enrichment of the fuel pellets represented a compromiseOn the one hand, large-diameterbstween several competing factors.
fuel pellets of high enrichment would permit the maximum amount of
fuel to be used in experiments and allow the highest possible sensible

On the other hand, maximum uniformity of the fuelheat above melt.
tcmperature was desired. Also, in the event of capid plugging, much
of the fuel would not leave the melting chamber and its heat content
must be absorbed by the molting chamber wall without seriously weaken-
ing it (if seriously weakened it might burst under the application of
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Figure 12 Transition region between the fuel melting
chamber and the freezing channel.

constant driving pressures up to 10 MPa). These requirements result
in a low fuel enrichment, a small fuel pellet diameter, and a thick
melting chamber wall. To achieve an optimum design, transient calcu-
lations of heat transfer from twall were performed with TAC 2D,gg molten fuel to the melting chamberand detailed neutron transport
calculationsoftheaxialangradialenergydepositioninthefuel
were performed with TWOTRAN

For an initial steel temperature of 1073 K and a peak fuel temperature
of 4273 K, Figure 13 shows calculated temperature profiles in the
melting chamber wall, shortly after the reactor pulse (t=0.3 s), at
t=6.5 s, and at the peak temperature reached by the outside surface of
the wall (t=26.5 s). Although higher temperatures are reached at the
earlier time, the bulk of the wall is still near its initial tempera-
ture. Therefore the late-time condition of a somewhat lower but
nearly uniform wall temperature was chosen as the limiting safety
condition. The optimum wall thickness of 0.87 cm was chosen to permit
operation up to a fuel temperature of 3970 K, initial steel tempera-
ture of 1070 K, and a driving pressure of 10 MPa, without exceeding a
peak outside wall temperature of 1370 K (above which the steel weakens
drastically).

At the optimum wall thickness a fuel enrichment of 11 percent yields
the required range of fuel energy depositions, and results in a peak-
to-average ratio of 1.15 for the radial energy deposition. Some fuel
pellets with two radial zones of 11.1 and 9.5 percent enrichment
were also fabricated, which lowers the peak-to-average ratio to 1.10.
However, all experiments thus far have been performed with fuel pel-
lets of a single enrichment of 11.1 percent.
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Figure 13 Temperature profiles in the melting chamber wall.

3. FREEZING CHANNEL DESIGN

The TRAN program has been subdivided into several experiment series,
with freezing channels of increasing complexity and prototypicality.
Series I is primarily concerned with proving feasibility of the exper-
imental concept and investigating freezing in a simple geometry which
allows detailed theoretical analysis. For this reason a thick-walled
cylindrical freezing channel was chosen with an inside diameter corre-
cponding to available gun drill sizes and to a representative hydrau-
lic diameter of a CRBR coolant subchannel. In a thick-walled cylin-
drical freezing channel the parameter range over which instantaneous
cteel melting occurs can be investigated, as well as such fundamental
crust properties as thermal and mechanical instability. The well-
controlled driving pressure and much wider range of fuel temperatures
cvailable with t,he TRAN concept should yield much useful new data.
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The TRAN Series I freezing channel had an inside diameter of 0.32 cm,
a wall thickness of 1.ll-cm, and a heated constant-diameter length of
130 cm. It'was fabricated by gun-drilling sections of 316 SS bar,
each 41-cm long, welding these sections together, and reaming out the
channel to remove any slight diameter changes caused by welding. The
resulting pressure vessel was proof-tested hydrostatically to about
41 MPa.
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APPENDIX B

POSTTEST ANALYSIS PROCEDURES

Tha most important result desired from the TRAN experiments is a good
understanding of the phenomena involved during penetration and freez-
ing of pure reactor materials in LMPBR pin-bundle geometries. liow-
CVGr, TRAN Series I uses a thick-walled cylindrical freezing channel
to simplify theoretical analysis of the phenomena in terms of current
fuol-freezing models. Therefore, the results of each TRAN experiment
will be compared to the predictions of new or existing models to
cccertain which models best deactibe fuel fceezing over a given pard-
noter range.

Thus, the final distribution of the frozen fuel and the mass of fuel
which penetrates into the freezing channel or beyond are important
results, as well as the time-dependence of the freezing process and
the porosity of any blockages or flow restrictions which might form.
Saveral on-line diagnostic methods have been used to infer this infor-
motion. In this section the characteristics of prosauro and fuol-
motion-measuring instrumentation are discussed, as well as the moa-
curements made to analyze the final fuel distribution and the intor-
cction of the molten fuel with the steel walls of the channel. These
items will be discussed roughly in the order in which information was
cbtained after each experiment.

1. PRESSURE TRANSDUCER DATA

1.1 Characteristics of Pressure Transducers

The Kaman oddy-current pressure transducers used in those experiments
respond to absolute pressure, produco readings which are independent
of the particular fluid, respond very rapidly in the prosaure ranges
uced here, and are relatively insensitive to radiation background and
clow temperature changes, llowever, the individual transducers are
quite expensive, and a change in pressure range requires the purchaso
of a new transducer.

The Kaman transducers originally ordered for the TRAN experiments wore
chosen to cover a very wide prosaure rango, but all TRAN oxperiments
p3rformed thus far have boon at low pressures (which correspond to the
cost important accident scenarios for CRBR, and where almost no expor-
inents have boon performed). For this reason, the transducers have
boon used only in the lowest ton percent of their prosaure range. As a
rcault, the pressure signals have boon smaller than normal compared to
cuch noiso components as transducer non-linearity, electrical noise,
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radiation noise, and drifts associated with heating of the transducer
cables. In spite of being operated in the lowest ten percent of their
range, results have generally been quite good, but certain corrections
had to be made to the raw data.

The most important pressure transducer correction was for the slow
drift in the absolute pressure reading caused by heating of the trans-
ducer cables that occurred during the heating of the freezing channel
to the desired initial steel temperature. This drift was large com-
pared to the low initial pressure chosen, and as a result the trans- 1

ducers were reset to the known initial pressure readings when the |

apparatus was at the desired initial temperature. Although this drift )
made it impossible to follow slow pressure changes (such as might be
caused by heating of chambers containing gas), such effects were
expected to be small except in the case of TRAN-5, where the pro-
heated freezing chamber was prefilled with helium gas.

There was no measurable heating effect on the sensitivity of the
transducera in reopending to pecaauro changca. This was confirmed by
noting that the initial pressure pulse below the fuel load agreed with
the expected value in TRAN-4, where the pressure pulse was applied
well before either fuel melting or radiation noise pulses occurred.

In the extremely intense radiation fields of the ACRR a radiation-
; induced signal was present. This interfered with observation of any

pressure changes occurring during the ACRR pulse. This radiation
noise pulse consists of a negative signal (typically ~1.5 MPa) which

,

roughly follows the intense portion of the ACRR pulso, followed by at

slowly-decaying signal shif t of about 0.15 MPa. The slow radiation
noise component forces the experimenter to be suspicious of pressure
changes as small as 0.15 MPa for about 100 - 400 ma af ter the onset of
the ACRR pulse. The radiation noise pulses are not proportional to
ACRR power, so it is difficult to correct for them.

Spurious negative pressure readings can also be caused by rapid heat-
ing of only the front surface of the transducer, because this rapid
heating produces a distortion of the presouro-measuring membrane. Such
heat-induced signals were caused in the TRAN experiments by direct
contact of molten fuel or fine fuel particles (perhaps condonsed fuel
vapor) with the surface of the transducer. The heat-induced signals
wore complex and long-lasting, and usually indicated that all subse-
quent data from that particular transducer were invalid until it was
re-calibrated. In a few cases, very small heat-induced signals wore
observed, and a correction was applied to the data. Such corrections
are not very quantitative (being banod on graphical extrapolation), ,

and should be regarded as estimatos only. |

To summarize When interpreting pronoure transducer data, the initial
signal level was forced to match the known initial prosauro, by adding |
a constant to the signal. Pressure changos from this initial level |
were then calculated using the calibrated linear sensitivity of the
particular tranuducer. For the lie-Roservoir and Abovo-Solenoid-Valve
transducers, the prosauro traco was ignored for about 100 ma around
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the ACRR pulse because of radiation noise. Pressures at late times
(when pressures should have equilibrated) were not expected to agree
to better than about 0.14 MPa based on the measured deviation from
linearity of the transducers. Finally, if a transducer showed evi-
d:nce of a large negative pressure pulse caused by heating, the data
from that transducer was ignored following that heating pulse.

1.2 General Results of Pressure Transducer Data

Pressure transducers were placed at the exit of the pressure reser-
voir, between the solenoid valve and the initial fuel load, and in the
dump tank at the top of the freezing channel. The volume of the
pressure reservoir is large compared to the empty volumo between the
colonoid valvo and the base of the fuel load. Thorofore the pressure
drops between 8.5 and 10.9 percent while filling the piping below the
fuel load. The pressure-reservoir transducer was usually protected
from hot fuel by a right-angle bend in the gas piping and by the
colonoid valve itself. This transducer thus yielded a good measure-
mont of gas flow out of the rosorvoir during cach cxperi.r. cat.

The pressure transducer between the solenoid valvo and the fuel load
was intended to measure the pressure applied to the column of molten
fuel. This transducer was used mainly to verify the opening of the
colenoid valvo. Data subsequont to the reactor pulso were difficult
to interpret because the transducer was subjected to the most intense
radiation field and was also heated by molten fuel in several in-
otances. These phenomena resulted in complex and physically unlikely
signals.

The third pressure transducer was located at the top of the freezing
channel, in the side of the dump tank. The purpose of this transducer
was to sense any gas flow produced by melting of the fuel, or gas
loakage past the fuel at early times, and to measure the porosity of
ony blockage or gas flow restrictions that formed as a result of fuel
freezing. The radiation background was much lower at this transducer
(which was located 2 m above the ACRR core centorline), but in soveral
oxperiments a small negative pressure signal was observed just before
the main gas flow began at the dump tank. Theso negative pressure
cignals were presumably caused by small amounts of volatile, hot
motorial that streamed up the evacuated freezing channel and were
doposited on the transducer face. A shadow shield over the face of
the transducer has reduced but not completely eliminated this problem.

To measure the approximato time of fuel freezing and the permoability
of any blockages which occurred, the signals from the prosaure resor-
voir and dump tank transducers woro used. In a typical TRAN oxperi-
mont, the time dependence of pressure equilibration betwoon those two
chambers was compared with the prosauro equilibration rato observed
when the freezing channel and fuel molting chamber woro empty of fuel.
A representative empty-channel equilibration experiment at P 1 Mpa=

cnd a channel temperature of 1073 K is shown in Figures 14-10. Initial
prosauro equilibration for an empty channel occurs in 90 ma followed
by a further slow prosauro increano of about 20 porcont in the dump
tank, which apparently is associated with gas heating as it interacts
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rigure 14 Helium reservoir prosaure during tho heated flow test.

with the hot channel wall. To analyze flow rostrictions more quanti-
tatively, the rato of increano of the dump tank proanure as a function
of prosauro drop betwoon the endo of the troozing channel was plottod
for a given TRAN experiment, and compared to the empty-flow-channel
Caso.

2. PUEL MOTION DETECTOR DATA

Direct mesuromonta of the fuel location in a TRAN oxperiment are
difficult because of the high pronouros and temperaturos involved. One
possiblo method of sonaing fuel location is by uso of an array of
rugged high-temperaturo detectors consitivo to the finaion gamma-ray
cminaion from the molton fuel. Such detectors have boon tested at
Sandia National Laboratorios as in-coro diagnostica f or largo-bundio
LMPBR nafety experimenta, and the associated computer programa for
unfolding the fuel distribution from the gamma-ra signal data have
boondevelopedandtontedforcortaingeometrica.y2
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In experiments TRAti-2, TRAti-3, and TRAN-4, platinum self-poworod
detectora 0.159 cm in diamotor with an omitter longth of 50.8 cm were
used.2J Four detectors woro wound directly onto the otatside of the
2.54-cm-diamotor proosuro vossol containing the fuel molting chamber
end the froozing channel (Figure 17). Those detectors woro located at
the base of the initial fuel load (G1), at the top of the initial fuel
load (G2), at 11.5 cm auovo the entranco to the troozing channel (G3),
cnd at 14.5 cm above the oxit of the froozing channel (G4). A fifth
detector was waund on the outsido of the 16.8-cm-diamotor containment
canistor, at the axial midplano of the initial fuel load (to provido a
moaouromont of the gonocal gamma-ray background noar the contor of the
ACRR). This detector arrangement van chonen to provido signals cor-
responding to the movement of tho fuol out of the fuel molting cham-
bor, and then into and through the troozing channol. Blood on this
geometry, algnal changos of =3 porcent woro oxpected when tno fuol
moved completely out of the fuel molting chamber.*

o
P. J. McDaniol, Sandia Na tional Laboratorios, Albuquorque, NM 87185,
privato communication.
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Several prolinincry exparicento were perforced in the ACRR to cali-
brate tne expected signal levels for each detector. The detector at
the exit of the freezing channel showed a peak signal about one per-
ccnt as large as the signals from the detectors near the center of the
ACRR. The time dependence of this signal was also slightly dif ferent.

Otherwise, the signal shapes from all detectors closely resembled the
ccasured ACRR power pulse, and the observed noise levels should permit
observation of 1% signal differences.

Two experiments were performed at high ACRR power levels for the
TRAN-2 conditions. The first experiment involved very little fuel
motion, but the second experiment (at a slightly higher power level)
resulted in fuel flow out of the melting chamber and into the freezing
channel. Comparison of the signals from these two experiments
(TRAN-2/AE and TRAN-2/R, respectively) should have given a good cali-
bration of the fuel motion sensitivity of this detector arrangement.
Small relative differences in signals were indeed observed among the
various detectors. A fairly exact computer model of the experiment
geometry appears to be required to determine whether the observed
signal changes were caused by fuel motion rather than by spatial
differences in neutron flux, or other possible causos. Results for
cach experiment will be described below.

3. THERMOCOUPLE DATA

Thermocouples were used to regulate the initial temperature of the
fuel melting chamber and the freezing channel, and to monitor safety-
related temperature excursions. These temperatures were recorded on
stripchart recorders or magnetic tape. The thermocouples were wired
to the outside surface of the 2.54-cm-diameter freezing channel, and
were surrounded by heater tapes (or biaxial heaters) and Q-Fiber felt
insulation. Because the thermocouples were separated from the freez-
ing channel by the 1.ll-cm-thick freezing channel wall, their response
to temperature changes in the freezing channel was slow (requiring
20-30 s). Therefore these thermocouples were used primarily to sense
the maximum temperature of the freezing channel wall shortly after the
ACRR pulse, as an indication of heat transfer from the molten fuel to
the channel wall. In estimating the amount of heat transferred to the
channel wall, corrections must be made for the rapid steel temperature
jump caused by gamma heating (a function of axial position), and for
clow heat losses through the felt insulation surrounding the pressure
vessel. The temperature rises were usually consistent with deposition

film on the inside of the freezing channel, or with anof a frozen UO2
cmpty freezing channel heated only by gamma heating.

4. X-RADIOGRAPHY

Each TRAN package was radiographed within one to two weeks after
exposure in the ACRR, using a 2.5 MeV electron Van de Graa f f acceler-
otor, with a source-to-package-centerline distance of = 5 m and a
package-centerline-to-film distance of 10 cm. Measured enlargement
of the radiographic image was = 2 percent. The packages were handled
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crrofully after exposure in the ACRR to minimize redistribution of the
fuel debris. After TRAN-1, all cables, thermocouple leads, etc., were
gathered into a single bundle that was located well away from the!

freezing chaanel to minimize extraneous background in the radiographs.
Before radiography of TRAN-2 through TRAN-5, the heaters, thermo-
couples, and insulation were also gently stripped off the freezing
channel by hand.'

Blockages and UO2 crusts = 0.2 mm thick were clearly observed inside
the freezing channel and fuel melting chamber. Thicker crusts werealso observed even in regions with steel walls up to = 4 cm thick. Theradiographs thus yielded very valuable information about the details
of the final melt distribution. However, it was sometimes difficult
to see steel accumulations in the channel, and it was difficult to
distinguish between fuel and steel.

The radiographic detail allows one to distinguish fairly well between
finely-divided fuel powder, loose flakes, crusts, and compact block-
ages. The thickness of the frozen fuel layer can also be estimated by
measuring the optical density variation across the image of the chan-
nel diameter with a microdensitometer. However, because of azimuthal
crust thickness variations and possible crust density variations, it
was difficult to obtain precise fuel masses from the radiographs.
Because no mixing of fuel and steel was observed in TRAN-1 (see
Appendix C), the dense areas observed in TRAN-2 and TRAN-3 radiographs
were interpreted as pure fuel accumulations. On this basis the maxi-
mum length (Lc) f the frozen fuel layer observed on the freezing1

'

channel wall was taken as the fuel penetration distance. Fuel debrisand blockages have also been observed beyond L in TRAN-1 and TRAN-2,
but much of this material probably was origina21y deposited near Lc,and was moved upward beyond L by gas flow after freezing hadcoccurred.

5. AXIAL SCANS OF GAMMA RAY INTENSITY

Presumably the most accurate final distribution of fuel. would be
obtained by direct measurement of fuel masses following total dis-
mantling of a TRAN experiment. However, such detailed analysis in-
volves some delay as well as additional cost. Therefore gamma scan-
ning of the TRAN experiment packages was developed, to infer the final
fuel distribution from the distribiution of suitably-chosen fission
products. Compared to dismantling and chemical analysis in the Sandia
Na tional Labora tories' Hot Cell Facility (HCF), gamma scanning is more
rapid and is in principle quite quantitative. Compared to radiog-
raphy, gamma scanning is also insensitive to the presence of steel.
Finally, gamma scanning might eventually be used in combination with
pre-irradiated fuel loads to measure where a given portion of the
initial fuel load froze in the channel. The gamma-scanning technique
has been verified oy comparing the fuel mass distributions obtained
from different fission product chains with the fuel mass distribution
obtained from more direct mass measurements.
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implement gamma scanning a load shiold and a collimator with a loadTo
ahutter were constructed. The field of view of the collimator was a
transverse section through the TRAN package with an axial extent of $ 1

A rail with a sliding carrier to support the TRAN package allowedcm.
the package to be positioned manually in front of the collimator with
c repeatability of <2 mm. TRAN packages were scanned by counting for
300-1000 s at each of about 75 axial positions. These positions
ranged from 1 cm to 15 cm apart, depending on the gamma intensity and
its spatial variation. The intensity data were corrected for radio-
active decay ar.d for attenuation in passing through the varying wall
thickness of the pressure vessel. Tne corrected intensity data were
plotted as a function of axial position, and also integrated and
normalized to provide information on the relative axial distribution
of fuel.

5.1 Choice of Gamma Ray Line

The ability to infer the fuel distribution from a fission product
distribution rests on a tight chemical bond between the molten fuel
and the fission product nuclides during the freezing process. Initi-

ally the 1596 kev line of 140 La was chosen for scanning, based on the
low background near thi line, the high photon energy which minimized

140absorption and scattering, and the reasonable halflife of La pre-
cursors (= 13 days) . The consensus of several advisors familiar with
chemistry and solid-state physics was that this fission product chain
should remain bound to the fuel, even though the chain contained some
volatile precursors with short halflives. However, comparison of the
140 La gamma scan for TRAN-1 with other methods of fuel mass measure-
ment showed that serious discrepancies existed, even though there was

140general agreement between the La gamma scan and the radiographs.

Figure 18 shows a typical corrected gamma intensity scan for the 1596
kev line, and the implied normalized fuel distribution. The large
peak of emission at the base of the dump tank implies that a large
fraction (= 35 percent) of the fuel passed completely through the
freezing channel and was deposited on the walls of the dump tank (an
orroneous conclusion).

Comparal to the radiographs the gamma scan implied considerably
greater axial variation of fuel density in the freezing channel, and
the radiographs also showed little or no loose fuel material corre-
sponding to the the large peak at the base of the dump tank. Finally,

{ disassembly of TRAN-1 in the HCF revealed only = 0.5 g of fuel depos-
ited on the walls of the dump tank (Appendix C) rather than the 15 g
expected from the 1596 kev gamma peak. Although up to 3 0 g of fuel
were not accounted for during the TRAN-1 analysts in the HCF, it
seemed very unlikely that 15 g of fuel deposited on the dump tank
walls could be lost. It seemed more likely instead that the 140 La
precursors might have become separated from the molten fuel during the
freezing process. Therefore a search for alternative fission product
chains that involved only non-volatile elements was begun.
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Figure 18 Final fuel distribution for the TRAN-3 experiment implied
by the 1596 kev line of 140 La. (Erroneous distribution
caused by the separation of the fission products from the
fuel debris.)

5.2 Identification of Suitable Gamma Ray Lines

In addition to the chemical properties of a fission product chain, it
j seemed very important to have direct experimental evidence that a
| particular fission product line was associated closely with molten
| fuel. In the TRAN-3 radiographs a small isolated hollow sphere of I

fuel was observed in the gas passage below the fuel melting chamber.
This isolated fuel mass was used to measure which gamma ray lines were

]associated with compact fuel mas?'s, as distinguished from gamma ray
lines associated with steel activation or with volatile fission pro-
ducts coating the interior surfaces of the pressure vessel. An axial

|
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scan was made for several em around this small fuel sphere, in which
cvory intense gamma ray line in the spectrum was recorded. Four lines
with reasonably high intensities and photon energies >500 kev were
recorded, which were present only near the isolated fuel mass (the
1596 kev line was peaked in the region of the fuel mass, but also had
a low-intensity " tail" emission on either side of the fuel mass). The

103 Ru, the 756.72 kevfour lines were: the 497.08 kev line of 39.4 day
95 Zr, and the 765.79 kev line of 35.0and 724.18 kev lines of 64.0 day

95 Nb (Ref. 24).day

Figure 19 shows a typical corrected gamma scan and normalized fuel
95 Nb, for experiment TRAN-3.distribution for the 765.79 kev line of

The 95 Nb gamma emission corresponds very well with the abrupt end of
ths crust seen in TRAN-3 radiographs, and its relatively uniform
intensity matches the uniform crust appearance. Because of the lower
photon energies of these new lines, larger corrections must be made
for absorption and scattering. These corrections are particularly
important below the fuel melting chamber, where much fuel is usually
found and where the steel walls are up to 4 cm thick and the geometry
is complicated. Therefore additional checks,on the fuel masses im-
plied by the gamma scans should be made before quantitative results
ccn be completely confirmed. However, at this time it appears that
the lines of 103 Ru, 95 Zr, and 95 Nb give a reasonable and potentially
very quantitative axial distribution of fuel mass. Results for TRAN-2
through TRAN-5 will be discussed below.,

!

6. ANALYSIS IN HOT CELL FACILITY

The Hot Cell Facility (HCF) contains glove boxes and shielded boxes
with remote manipulators for disassembly, sectioning, and microscopic
examination of irradiated experiment packages. After being radio-
graphed, the gas pressure inside the TRAN-2 through TRAN-5 packages
was bled of f slowly to ambient pressure through a small orifice and a
filter to minimize material redistribution inside the freezing 'chan-
nol. Next, the insulation, electrical heaters, thermocouples, gamma
ray detectors, and the pressure system were removed from the TRAN
pressure vessel (referred to as the " fuel housing"). The bare fuel
housing was then placed in one of the glove boxes, where the freezing'

channel and fuel melting chamber were sliced transversely and longi-
|

|
tudinally into a number of sections, depending on which regions of the
frozen fuel distribution were of greatest interest.

Those sections were potted, the ends ground and polished, and then
photographed through an optical microscope to measure the thickness
and azimuthal symmetry of any UO2 layers which were formed. Some
samples were also etched to reveal the grain structure, and examined
with a scanning electron microscope (SEM) and an electron microprobe,
to look for evidence of molten steel. Materials such as UO2 and steel
can readily be distinguished with the SEM, and their chemical interac-,

l tions studied. Micrographs of any loose fuel or steel debris can also
be made, in an effort to distinguish between particles deposited from
a vapor, and fine fractured debris resulting from breakup of a block-
ago.

B-ll

_____________ ___ - _. . - - - . - -- --



_

_

n

34 -

@ $
32 - t f 100.-

ec ,

'
E i

30 - W z
> 28 _ { g 3 - 90 g

_

g s s 4 -

g 26 -

n. i3 6 - 80 N
z- 24 - 3 Z FREEZING CHANNEL mmm 3 4 0 >gFb 22 - o 2 - 70 oZz 20 - $ 1 "3 m / - 60 4

y >$ 16 - / - 50 9
18 -

3, zf.

|E

$ f 14 - h _ 40 $
W.m 12 -

/ u. g I

, o 4 \

h $ 10 - '
- 30j~ 8 - ' di-

W 6 - - - 20 3 '

E E
4 -

- 102 - /\.4
0 - L - ---

-

-~~~~~7 -- - " - -
-

O
I I I e ii i i i I e i e i I e i ii| 1 i

O.0 0.5 1.0 1.5 2.0

AXIAL DISTANCE Z (m)

Figure 19 Final fuel distribution for the TRAN-3 experiment implied
by 765.8 kev line of 95 Nb. (Correct fuel distribution.)

7. GRAVIMETRIC ANALYSIS

Finally, to measure the UQ2 mass distribution in TRAN-1 for comparison
; with radiographs and gamma scans, a gravimetric chemical analysis was

made of all fuel debris adhering to the inner walls of the TRAN-1 fuel
housing. This fuel debris was removed from all inner surfaces by
immersing the fuel housing sections in concentrated nitric acid until
no further UQ2 was removed. The resulting uranyl nitrate was dis-
solved in acetone and filtered to remove unwanted solids, then heated
to 1160 K and dried in pre-weighed Pt crucibles to determine the total
mass of UQ2 A similar procedure may be followed in later TRAN exper-
iments, to confirm mass distributions implied by gamma scanning.
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8. . DATA RECORDING ~

The data recorded during a typical TRAN experiment. fall into three
cain classes: (1) visually-observed and manually-recorded data (such
as the slowly-varying temperature of the solenoid valve or the con-
tainment~ canister wall) which are related to proper operation of the
experiment or experiment safety; (2) data recorded on stripchart
recorders (the temperatures of the three temperature-regulating' therm-
ocouples); and (3) rapidly-varying transient data (temperature rise of
tha_ pressure vessel wall, fuel motion detector signals, pressure
changes, a fiducial mark, and the reactor power signal). The transi-
ent data were processed by a data system which included preamplifica-
tion of certain signals in DC differential amplifiers, then amplifica-
tion of all signals to a standard signal range (-3 v < S < 3 v),
automatic calibration of the net gain of each data channel, and re-
cording of data either on an analog-to-digital converter ( ADC) system
with up to 32 channels, or on 26 channels of magnetic tape. The ADC
system samples at rates up to 400 kHz, but has usually been used at
rates of 4-40 kHz in TRAN experiments. A six-channel Visicorder is
used to record a few basic signals to verify immediately that the
experiment was successful.

25The computerized ADC data system permits the experimenter to trans-
for all raw data and the constants needed to-analyze it to disk stor-
age within a few minutes after the experiment has been performed.
After taking this step to protect the data from accidental loss, the
experimenter can analyze each channel at will, converting the data to
engineering units and generating plots of the data in any time range
of interest.

9. CALIBRATION OF FUBL ENERGY DEPOSITION

Several methods have been used to define the energy deposition in the
44 g of test fuel (11.1 percent enriched UO2 ): (1) two-dimensional
neutron-transport calculations employing a detailed geometrical model
of the ACRR and the TRAN package; (2) dosimetry of a thin transverse
slice of an actual test fuel pellet that was placed in the complete
TRAN package and irradiated in the ACRR with a low-level pulse; (3)
dosimetry of samples of uranium-loaded aluminum wire that were mounted
at the center of the empty fuel melting chamber and irradiated with a
full-sized ACRR pulse; (4) measurement of the ACRR pulse size required
to approach the threshold of fuel melting; and (5) direct measurements
of fuel temperature reached on a low-level ACRR pulse, interpreted
with the aid of heat transfer codes.
Reasonably consistent results were obtained from methods (1), (2),
(4), and (5). The uranium-loaded aluminum wire was judged not to be

reliable for absolute measurements based on variations of the uranium
content in the wire, and the uncertainties caused by neutron self-
chielding inside the = 8-mm-diameter test fuel pellets. The near-

molting experiment in the ACRR is not practical because of expense and
the difficulty of confirming fuel melting just as it begins to occur
(the only data of this type were obtained unintentionally). Dosimetry
on the transverse fuel pellet slice is a reasonably good method but is
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cumbersome and does not take into account additional heating mecha-
nisms such as gamma heating of the fuel. Thus far, the best method
appears to be fuel temperature measurement on low-level AORR pulses,
which give very gopd agreement with the corresponding neutron trans-
port calculations

The measurements of fuel temperature rise were made with the special
fuel geometry shown in Figure 20. A special annular fuel pellet was
made with a 0.13-cm-diameter hole along its axis, so that the junction
of a 0.100-cm-diameter chrome 1/alumel thermocouple could be placed at
the axial midplane of the fuel load. A typical temperature trace from
such a thermocouple is shown in Figure 21 for an initial fuel tempera-
ture of = 473 K. The measured rate of temperature rise is determined
by the relatively loose coupling between the thermocouple and the
fuel, and the rate of temperature fall was determined by heat losses
out the sides of the fuel pellet into the steel pressure vessel.
These calibration experiments were performed with exactly the same
experiment package geometry as used in TRAN-2 through TRAN-5. By
varying three parameters to match the observed temperature trace, the
fuel energy deposition factor was determined from computer modeling of
the thermocouple temperature.26 These parameters represented the
energy deposition coupling factor, the thermal coupling between the
thermocouple and the fuel surrounding it, and the heat loss from the
fuel to the melting chamber wall. The resulting energy deposition
factor of 9.5 0.5 J/g per MJ input compared very well with the
calculated factor of 9.566 J/g-MJ.

The uniformity of energy deposition in the test fuel is also important
when making parametric variations of fuel temperature. The calculated
(axially-averaged) radial-variation of energy deposition is shown in
Figure 22 for the 11.1 percent fuel enrichment and 1.27 cm polyethyl-
ene thickness * used in the TRAN Series I experiments. The peaking of
fuel temperature at the outer edge of the fuel will be reduced some-
what by heat loss to the melting chamber wall, and by heat transfer
within the turbulent flowing fuel.

The axial variation of energy deposition was also measured with urani-
um-loaded aluminum wire in an empty Fuel Melting Chamber, for the
conditions of TRAN-2 through TRAN-5 (Figure 23).

*

A layer of polyethylene around the outside of the experiment was
included to thermalize the neutron flux and thus raise the average
energy deposition in the fuel pellets.
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APPENDIX C

RESULTS OF TRAN-1 EXPERIMENT

The purpose of TRAN-1 was to verify the experiment concept and to
investigate the freezing of molten fuel at the low end of the steel
and fuel temperature ranges of interest. It was performed at an
initial steel temperature of 673 K, a driving pressure of 1.6 MPa, and
a fuel temperature just above melt (ranging from 3138 K to 3473 K,
dapending on the initial axial location of the fuel mass of interest).
Thermocouple data showed that the fuel moved almost completely out of
the fuel melting chamber, indicating a long penetration of fuel into
the freezing channel and an apparently successful experiment concept.
The experimental data of TRAN-1 will be described in this section,
organized in the order discussed in Appendix B. Time differences, At,

quoted in the text are with respect to the peak of the ACRR power
pulse, which corresponds approximately to the time of fuel melting in
most experiments.

The dominant phenomenon observed in these lower-temperature experi-
ments was the formation of a stable frozen fuel layer, which limited
heat transfer from the bulk fuel flow to the steel wall. In TRAN-1
the layer was azimuthally quite uniform, fully-dense, and appeared to
cover the entire channel surface at any axial location where it was
present. The portion of the fuel layer nearest the steel wall was
presumably deposited initially as a frozen crust under the bulk molten
fuel slug. However, a portion of the layer appears to have resulted
from the subsequent freezing of a liquid film deposited as the end of
the finite-length slug of fuel passed up the channel. There was no
evidence of steel melting or chemical interaction with the fuel in
TRAN-1, although near the channel entrance the underlying steel was
heated sufficently to cause grain restructuring. Large radial grains
were observed in the fuel layer, with no obvious evidence of separate
fuel-crust and fuel-liquid-film regions.

1. PRESSURE TRANSDUCER DATA FROM TRAN-1

Because of the unexpectedly rapid movement of hot fuel, two of the
pressure transducers showed negative pressure excursions apparently
caused by rapid heating of the pressure measuring diaphragm. Com-
pletely reliable pressure data were obtained only from the pressure
transducer located at the He reservoir in the pressure system. The
ACRR power peak occurred at 348 ms, so At E t - 348 ms (except Figure
25, where At E t - 600 ms).

The pressure transducer just below the fuel load went off scale at
At = +10 ms, so no further useful data were obtained from this

C-1
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transducer. The pressure transducer in the dump tank at the top of
the apparatus registered the arrival of a small amount of hot material
at A t = +50 ms, which casts doubt on the subsequent data from this
transducer also. The delay between the estimated time of fuel melting
and the first appearance of hot material at the dump tank corresponds
to a hot material velocity of >35 m/s. However, the dump tank trans-
ducer clearly indicates that no significant gas leakage around the
fuel load occurred at early times, and that no significant gas pres-
sure preceded the initial burst of hot fuel (although it is conceiv-
able that gas may have closely accompanied the hot fuel).

On the other hand, the pressure transducer located at the He reservoir
in the pressure system (see Figure 2) yielded reliable data for the
driving pressure and gas flow into the freezing channel for the period
of time when the solenoid valve was open (the first ten seconds of the
experiment). Figure 24 shows the He reservoir pressure behavior for
the first 0.5 s of the experiment, after correcting for electrical and
radiation noise. Based on pressure equilibration measurements made
with no fuel in the melting chamber, the pressure behavior should
follow approximately the dashed line in Figure 24. Based on pressure
measurements with a dummy fuel load, the initial pressure drop at
0.36 s in Figure 24 corresponds to the filling of the gas passage
between the solenoid valve and the base of the fuel with helium.
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Figure 24 Helium reservoir pressure for the first

0.5 s of the TRAN-1 experiment.
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The approximately steady pressure from 0.36 to 0.42 s (or At = 0.012 to
0.072 s) apparently corresponds to the flow of molten fuel up the
freezing channel. At 0.42 s the channel opens up (a continuous slug of
molten fuel is no longer present in the freezing channel), and gas
bsgins to flow out of the pressure reservoir (corresponding closely to
the somewhat uncertain dump tank pressure data in Figure 25). The gas
flow * again decreases by a factor of =8 suddenly at ~0.6 s (or At =

+0.25 s). This new flow rate corresponds to only about five percent of
the flow rate through an empty freezing channel. Thus it appears that
an incomplete restriction was formed after much of the gas had flowed
through the freezing channel. Figure 26 more clearly shows the abrupt
change in gas flow rate at 0.6 s. The He tank pressure continues to
fall slowly between 0.6 s and 2.5 s, after which it rises slightly over
the remaining 7.5 s during which the solenoid valve is open.
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Figure 25 " Apparent" pressure in the dump tank beyond the freezing
channel for the TRAN-1 experiment. (Pressures are
questionable because of the heating of the transducer at
0.67 s.)
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In summary, the gas flow data indicate a temporary filling of the
freezing channel by the upward-moving column of fuel, then the opening
of the channel accompanied by gas flow into the dump tank, and finally
a porous flow restriction which persists for as long as gas flow data
are available.

2. FUEL MOTION DETECTOR DATA FROM TRAN-1

No fuel motion detectors were included in the TRAN-1 experiment.

3. THERMOCOUPLE DATA FROM TRAN-1

Because of the large thermal mass separating the freezing channel from
the thermocouples, thermocouple data have primarily been used to infer
the approximate final location of frozen fuel. Based on the small
temperature rise of the fuel melting chamber wall (peaking at =30 K
after correction for gamma-ray heating), most of the fuel left the
fuel melting chamber. The gamma-corrected temperature rises were 25 K
and 20 K at 6.5 cm and 57.3 cm above the entrance to the freezing
channel, respectively. These temperature rises correspond to the
freezing of an amount of UO2 which would partially fill the channel,
which is consistent with other TRAN-1 data.
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4. RADIOGRAPHY OF TRAN-1

Whsn TRAN-1 was assembled, no special effort was made to collect the
various instrumentation cables into neat bundles. As a result, the

first radiographic images were very complex, with random criss-
crossing of cables in the vicinity of the freezing channel. The
TRAN-1 package was radiographed on two occasions: about one week after
tho experiment, and about four months later after remote manipulators
in the HCF were used to remove the extraneous insulation, heater
cables, pressure transducer cables, and thermocouple probes. Figure
27 shows the significant differences between these radiographs, which
wore presumably caused by handling with the manipulators. The strip-
ping caused the frozen layer on the fuel melting chamber wall to flake
off, apparently removed the two " blockages" seen in the earlier radio-
graph, and reduced the amount of loose fuel debris at the exit of the

L was estimatedfreezing channel. The length of frozen fuel layer,
to be 50 cm in the first set of radiographs, but appeEr,ed to be 70 10
cm in the second set.

B2cause the final fuel distribution was seriously disturbed by the
stripping process, on later experiments all cables were gathered into
neat bundles separated from the freezing channel area, and the
heaters, etc., were carefully stripped from the outside of the steel
pressure vessel by hand before radiographs were made.

5. GAMMA SCANS OF TRAN-1

Dotalled gamma scans of the 1596 kev line of 140La were made for
TRAN-1 using an axial resolution of =1.5 cm. However, this particular
fission product appears to have become separated from the fuel so that
gamma intensity does not accurately represent the final fuel distribu-
tion. The most dramatic discrepancy is a large peak of fission pro-
duct emission near the base of the dump tank that appears to be asso-
ciated with very little fuel. This result implies that perhaps 30

140I chain nuclides were separated from the fuel andpercent of the
ware carried into the dump tank. Because the major He flow lasted
about 1-1.5 s, the separation appears to have occurred during this
time period.

6. EXAMINATION OF TRAN-1 IN HOT CELL FACILITY

TRAN-1 has undergone extensive post-irradiation examination in the
HCF. Material was recovered from the dump tank, the freezing channel,
and the melt chamber regions of the TRAN-1 fuel housing assembly.
These materials were examined with optical and electron microscopy to
determine their composition and structure, because this information
may indicate how the materials were deposited. The freezing channel
was also sectioned to determine the thickness and nature of the UO2
crust, and to determine the condition of the steel wall beneath the
crust.

Figure 28 shows that the crust was approximately uniform azimuthally
but varied in thickness from =0.3 mm near the fuel melting chamber to
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0.15 mm near the upper end of'the crust. Large radially-oriented
(Figure 28(b)), suggesting thatgrains were visible in the UO2 layerindeed liquid or vapor when deposited on the channel wall.

1

ths.UO2 was ~ mass contained in two.A gravimetric analysis was made of the UO2
5-cn-long sections-of the freezing channel separated by =50 cm.
Assuming a linear variation of layer mass with distance along the
channel, this gravimetric analysis confirmed the 0.15-0.3 mm layert

; ' thickness, and implied a total UO2 mass of'12.3 g in the freezing
channel.

No evidence of steel melting (based on absence of a " cast" grain |

ctructure in the steel), or chemical interaction between steel and UO2
(based on sharp material boundaries observed in electron microprobe
enclysis) was seen (Figure 29). However, under the UO2 layer near the

to the freezing channel, the steel was restructured into a ,

.

entrance -|
randomly-oriented grain pattern throughout a layer =20 pm wide.

| fine,
This restructuring was not found at the end of the UO2 layer far from

It appears to have occurred around pre-existingj

the channel entrance.
damage sites caused by machining of the steel channel, and probably
occurred in a very short time as the steel reached some threshold

(because no other restructuring was observed as a resulttemperature
, of heating the steel to 673 K). The absence of steel restructuring
!

far from the channel entrance is thus consistent with a decrease in
the temperature of the molten UO2 as it flowed up the channel.,

,

| Spscial attention was given to the material in the dump tank, because
j the large peak observed in the axial gamma scan implied that $10 g of
I

fuel should be near the base of the dump tank, presumably in the form
| of a relatively uniform coating. A thin coating of fine UO2 particu-

late was indeed observed on the face of the dump tank pressure trans-
ducer; this coating presumably caused the small negative pressure

However, the total mass cf UO2 removed from the dumpsignal observed.tank side walls by chemical dissolution or scraping was only 0.209 g.
Another small mass of UO2 particles was discovered in a pile about 1
cm in diameter located at the center of the dump tank cover plate.
This UO2 was associated with a very small quantity of steel filings,
and a large quantity of shattered organic material (Loctite, a leak
conlant used on the valve at the base of the dump tank). Of the UO2

porticles in the pile about 1/3 were rounded in shape, and 2/3 had
angular edges (Figure 30). The particle sizes ranged from <1 Pm to =2

Based on the shapes and sizes, some debris could have been depos-mm.
itad as a vapor or an aerosol, while other debris might have resulted
from breakup of a U02 plug.

Finally, the UO2 layers that had broken off the wall of the fuel
molting chamber and the gas passage below the melting chamber were
examined with an optical microscope. None of the original 80-percent-
danse sintered material was found, indicating complete melting of the
initial fuel load. Figure 31 shows evidence that a thin, relatively
uniform UO2 layer (=0.1 mm thick) was laid down initially over the
steel, followed in some areas by a thicker UO2 layer with rounded
edges and a random variation in thickness. This suggests that some

UO2 Presumably drained from the fuel melting chamber down into the gas
pacsageaat late times.

C-9

- . __. - _ - -- - - - - - - . ----. .- ... - - - . - - - -



\-__..-...--.----=--a..---;.-- . . , - - .
,, , ~ . ~ . ~ . .~

-

!

E
-

mq
1,..., . , , . ,s

.f '% .

*

W ,...f'y Q~ % Q'

'f'fe.IE.N. N$
-?

. ;h,|''' mw' f&', s.| C;'..
<

+ - .A ,

'

3:38| 6M ,%%
.

;b- %
, .. JTy *:

tl '

b $" N'' .|g 4 :,; ge
t-

-
-

y -
Y:S'%kg,

-
'

f,t
. _ .'

[. i Ipig[). f ',,,, .

-
. , _ ,

w
'

{ , r
,

%s 2 - %.-<

r's . ,? [}W.y .e ,,

(|
'

.'::-,

? _ ,?'zyper +
;- T Gr-
k
s_ -

- * s.

. . .

F (a) 200x scanning electron micro- (b) U X-ray elemental distribu-
3 graph showing typical columnar tion map of (a)-

grain structure in UO layer2
$-
1 - - * .-

.-

-
' /

I" /

- "
.

..p
-

{
. . .,;.

.

- - -

...,<, !*h., h
'

..
--

J' /.

.y"-ifyft!i /''
=-

t .
,

3fsf *'. .A fu H .- * ' ' "
..

-

(c) Fe X-ray elemental distri- (d) Cr X-ray elemental distri-
bution map of (a) bution map of (a)

Figure 29 Details of the fuel crust structure in the TRAN-1experiment showing the elemental distributions
and the lack of interaction of fuel and steel.

C-10

-



_ _ . . _ - .

WA
e
- : .3

,i

'

+j
j. a;
%. 3 .

. ,, IE[A, ' , . ,

R|;;. y
,

3) '4 j

4-y; g

_bh ,s'
gj.; ~=;

N&? . .

(a) 35x scanning electron micrograph of a hollow rounded particle

57*t:=wmmyn:vvsmv=vn memm- .
_| -

' " f;|| Q_ ; ? 4 \|' m +; ':q:| ._ ' , . _ . , _

_3 :v . :g - .
. _

Ep-(@7 ?-'.<;;;7, 793. $
,+| ' - .y. ;3%

h . , - cM ?- . : 9
. ;}~'~7,,, ;D '' w;,y - . ' .

- , , . .-

,

m:j . Q ., ;: ~G

,:x:f'Qg| . p 7,,.-
' ^i- .]

<
._

- --
, av. ..,42 s.y y..A . . -

-3 .n- s . ;:

. }:QE$ic
. e

,f-3
L--
es
.

;

(b) 35x scanning electron micrograph of an angular particle

Figure 30 Representative rounded and fractured fuel particles from
the dump tank cover plate of the TRAN-1 experiment.
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Table 8 summarizes the results of direct fuel mass measurements in
TRAN-1. Of the initial 43.04 g of fuel, about 36.0 g or 84 percent
h2s been accounted for. The missing 7 g may have been in the form of
the fine powder seen at the exit of the freezing channel, and may have
b;en lost during a poorly-controlled depressurization of the fuel
housing or during the handling that occurred while manipulators were
bsing used to disassemble the package.

I

Table 8. Direct Fuel Mass Measurements in the TRAN-1 Experiment

_ _ - - _ .-- -
|

Loose Gravimetric
Location Debris (g) Analysis (g) Total (g)

------_--- _
-- -

- - - __- __ _ _ _ _ _ _

Fuel Melting
Chamber and Below 16.12 4.23 20.35

Freezing Channel 0.0 14.15 14.15

| Dump Tank 1.28 0.21 1.49

|

|
Total directly-weighed fuel 36.0

_ _ ______

7. INITIAL FUEL AND STEEL CONDITIONS IN TRAN-1

Based on the measured energy deposition coupling factor (Section 9 of
Appendix B) and the measured axial variation in energy deposition
shown in Figure 32 (which applies to the conditions of TRAN-1 only),
the (adiabatic) initial fuel temperature could have ranged from the
molting temperature at the lower end of the fuel column (=3138 K) to
3473 K at the upper end of the column, with an average of =3173 K.,

Fuel melting is estimated to have occurred at 355 ms near the middle
i of the fuel column, or about 8 ms before the driving pressure was

applied.

!
The steel temperature was well regulated at 673 K, but estimates of
the axial variation around the locations of the regulating thermo-'

couples were not available. Some difficulties were experienced with

h2ater tape reliability. Later experiments revealed that the heater
tapes degraded rapidly when used above 873 K in a He atmosphere over a
conducting substrate.

?
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APPENDIX D

RESULTS OF TRAN-2 EXPERIMENT

B3cause no evidence of steel melting was found in TRAN-1, the TRAN-2
cxperiment was designed to enhance steel and fuel melting by increas-
ing the initial fuel and steel temperatures, and by reducing the
driving pressure so that the contact time between fuel and steel was

T = 3973 K, TThe parameters intended for TRAN-2 were:increased.
The experiment was unintent$onally per 3

= 873 K, and P = 1.0 MPa.
D

formed in two stages: an initial experiment (TRAN-2/AE) in which the
fuol was not even melted and therefore did not flow into the freezing

'

channel, and a second experiment (TRAN-2/R) in which complete fuel
solting and a fuel temperature of =3723 K were achieved. The unex-
p0ctedly low energy deposition in TRAN-2/AE resulted from a conserva-
tive philosophy of choosing reactor pulse size, combined with reliance
on uranium-loadod aluminum dosimetry wire to provide absolute energy
d3 position data. The principal error in energy deposition measurement
cppears to have resulted from the considerable uncertainty in the
urenium content of the dosimetry wire.,

Rndiographs of TRAN-2/AE showed that the initial fuel load had ex-
panded axially by =10 percent, and that severe fuel cracking had
occurred, but that no fuel had flowed into the cone-shaped transition
rcgion of the freezing channel. Therefore the TRAN-2 fuel housing was
cicply pumped out, the He reservoir was refilled, and the package was
ro-irradiated with a higher ACRR pulse (194 MJ, vs. 134 MJ for
TRAN-2/AE). The results of this second experiment (TRAN-2/R) will be

I tho primary focus of this section, but occasional references to
TRAN-2/AE will be made, for the following reason: because of the
rolatively small difference in reactor power level between the two
oxperiments, but the large difference in the amount of fuel motion
that occurred, approximate calibrations of several diagnostic methods
czn be obtained.

1. PRESSURE TRANSDUCER DATA FROM TRAN-2

B3cause the pressure transducer near the base of the fuel melting
chcmber was destroyed by hot fuel so early in the TRAN-1 experiment,
in TRAN-2 and all subsequent experiments this transducer was relocated
to just above the solenoid valve. This relocation has protected the
volve from damage but has not completely eliminated heating effects,
at least as judged by some of the erratic and apparently non-physical
oignals recorded at late times.

Tho ACRR power peaked at 322 ma for the TRAN-2/R experiment, so At 3
t - 322 ms. As shown in Figure 33, the dump tank transducer indicated

D-1
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Figure 33 Dump tank pressure history in the TRAN-2/R experiment.

no significant gas flow for At < +0.4 s, at which point a very slow
pressure rise began (= 0. 22 MPa/s , or 10 percent of the empty-channel
pressure drop rate). Correspondingly, the helium reservoir pressure
transducer indicated a similar pressure fall rate (Figure 34).

These data therefore imply the formation of a tight blockage to gas
flow for =0.4 s, followed by a gradual gas flow for the next 25 s.
The time at which gas began to flow may indicate when the blockage
began to shrink and crack away from the channel walls.

2. FUEL MOTION DETECTOR DATA FROM TRAN-2

The lack of fuel motion in experiment TRAN-2/AE allowed for a possible
calibration of the fuel motion sensitivity of the platinum self-pow-
ered detectors. To correct for differences in the ACRR pulse shape
between the two experiments, at each point in time the signal from
each fuel motion detector was divided by the normalization detector
signal at that time. The resulting normalized signals for the two
experiments could then be compared, referencing times to the peaks of
the ACRR pulses. A representative pair of normalized signals for
TRAN-2/R and TRAN-2/AE is shown in Figure 35 for the self-powered
de tector loca ted 11.5 cm above the entrance to the freezing channel.
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Tho signal ratio is near one and is very noise-free for about the
first 15 ms after the ACRR pulse peak, but over the next 10 ms degen-

| crates rapidly into random noise. Some of this noise was caused by

| the finite resolution of the analog-to-digital converter used to
i record the data. There may be a small difference between the two

normalized signals beyond 20 ms after the ACRR pulse; however, this
difference is nearly swamped by noise. Therefore no quantitative
cotimate of fuel motion sensitivity could be made on experiment
TRAN-2. A complex computer model of the geometry of all nearby gamma
cmitters would also be required to analyze these data in detail for
confirmation of fuel motion.

Additional data have been taken from TRAN-3 and TRAN-4 to check oper-
ction of the detectors at higher temperatures, and to give further
ceces for analysis. The detectors appear to be quite durable, are
relatively noise free, and can operate at high tempe ra tures , but their
ccnsitivity to fuel motion is unknown at present.

3. THERMOCOUPLE DATA FROM TRAN-2

A comparison of the thermocouple data from TRAN-2/AE and TRAN-2/R
chows the difference that would be expected from the differences in
fuol motion. That is, when fuel does not move, the melting-chamber-
t:mperature rise is larger, and only gamma heating is observed in the
freezing channel. When fuel moves into the freezing channel, the
colting-chamber-temperature rise is smaller, and a small, delayed tem-
parature rise is observed in the freezing channel. Tablo 9 shows the
tcmperature rises observed in TRAN-2/R and TRAN-2/AE.
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Table'9. Measured Temperature Rises Caused by
Gamma Heating and Fuel-Freezing1

-~

TRAN-2/AE TRAN-2/R
AT . AT AT AT

y f y f

MEft Chamber 43 174 33 103
Freezing ~ Channel 5 0 5 14

=-

4. RADIOGRAPHY OF TRAN-2/R

As stated above, the radiographs of TRAN-2/AE showed no fuel in the
freezing channel. However, the radiographs of TRAN-2/R showed a

|
relatively uniform frozen fuel layer on the walls of the fuel melting

' chamber and the first 87 cm.of the freezing channel. A small partial
blockage-was located 14 cm above the freezing channel entrance, and
there may have been a small enlargement of the channel diameter over
the 2-3 cm near the channel entrance (Figure 36, top). Near the
middle of the long frozen layer there were.a few places where the
layer appeared to have flaked off (Figure 36, middle). At =8 cm above
the upper end of the frozen layer were located two well-defined, dense
blockges =7 mm long , separated by an =8 mm long space containing some
lower-density debris (Figure 36, bottom). Finally, a small amount of
-loose debris was seen at the exit of the freezing channel, where small

I horizontal ledges could have allowed some debris to collect during the
time the experiment was vertical.

I
i

i These radiographic observations are consistent with a fairly long slug
i of molten fuel moving up the freezing channel, leaving behind.a frozen
; crust or a thin liquid fuel layer or both. Near the time of slug.
! dapletion, the material near the leading edge of the fuel slug appar- t

ently cooled sufficiently such that a blockage formed. This blockage,

; saals off the flow of gas until it has cooled and cracked away'from
i the channel wall. At this point gas begins to flow, and could con-

ceivably move the blockage debris upward a few cm to its present
resting place. The radiographs do not provide any information about

,

j the possible mechanism for the blockage formation. However, the post-

! irradiation examination in the HCF did provide some possible explana-

| tions (see section 6).
|

! 5. -GAMMA SCANS OF TRAN-2
l

95.The 765.8 kev line of Nb produced the best signal-to-noise ratio
when TRAN-2 was rescanned using the less volatile fission product

L chains. Figure 37 shows the corrected gamma intensity and the implied
i normalized fuel distribution. The two blockages were very clearly

ssen at Z = 0.8 m, and the fuel crust in the freezing channel was seen
to be relatively uniform. In agreement with the radiographs, a small
amount of fuel was located beyond the end of the freezing channel.-

According to Figure, 37, about 50 percent of the initial fuel load

I D-5
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froze in the freezing channel or beyond, about 15 percent remained in
the fuel melting chamber, and the remaining 35 percent froze in the
ges passages below the fuel melting chamber. Similar overall results

103ware obtained with the 497.08 kev line of Ru, although the signal-
to-noise ratio was noticeably worse.

6. EXAMINATION OF TRAN-2 IN HOT CELL FACILITY

The TRAN-2/R fuel housing was sectioned transversely at the fuel
melting chamber (Figures 38 (a) and (b)), at the transition section
between melt chamber and freezing channel (Figure 38(c)), and at 3 cm,
12 cm, and 18 cm above the entrance to the freezing channel (Figures
39 (a) through (c)). Longitudinal cuts were made at the entrance to
the freezing channel (Figure 40), through the two blockages (Figures
41 and 42), and through the upper portion of the fuel crust (Figures
43 and 44).

In contrast to TRAN-1, TRAN-2 displayed a melted and refrozen steel
layer outside the fuel crust near the entrance to the freezing channelr

(Figures 38 and 39). The fuel crust was quite thick, and had a smooth
inner surface but a rough outer surface where the fuel contacted the
molten steel. Figure 40 shows the onset of this rough boundary (along
with a thickening of the fuel crust) at the entrance to the freezing
channel. There was no evidence of large grains in the fuel crust, and
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no evidence of steel mixed into the fuel. A few isolated chunks of
fuol were observed in the molten steel layer. The outer boundary of

tho melted and re-frozen steel layer was nearly circular.

Lnngitudinal sections through the two blockages (Figures 41 and 42)
revealed that they were composed mainly of fuel, with a small steel
adnixture in the form of isolated globules. The fuel in the blockages

nscely filled the channel cross-section. More voids were found in the
blockage farther from the entrance. Based on quantimeter area mea-
curements, both the upper and lower blockages contained about 20
volume percent steel, but the void fraction of the lower blockage was
40 percent versus 60 percent for the upper blockage.

|

A longitudinal section through the upper end of the crust also showed
a eignificant amount of steel in the fuel crust, in the form of iso-
lated steel globules (Figures 43 and 44). Thus the crust composition

near the blockages resembles the blockage composition rather than the
crust composition near the channel entrance. Compared to TRAN-4, the
Gtsel globules in TRAN-2 do not appear to contain any frozen fuel
precipitate.

Baced on the high steel content and the porous nature of these block-
it appears that steel ablation and entrainment may have playedages,

en important role in the TRAN-2 blockage formation.

7. INITIAL FUEL AND STEEL CONDITIONS IN TRAN-2

The measured axial variation in energy deposition for the conditions
. of TRAN-2 through TRAN-5 is shown in Figure 23. The measured energy

| d2 position coupling factor together with the ACRR pulse size indicates
|

a fuel temperature =3720 K, which is fairly constant along the initial
| funi column. The 1.0 MPa driving pressure was applied at at = -6.5
| ma, or well before fuel melting (in contrast to TRAN-1). The initial

stoel channel temperature was quite constant along the channel, with
an average temperature of =860 t10 K.
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APPENDIX E

RESULTS OF TRAN-3 EXPERIMENT

Experiment TRAN-3 was performed on July 30, 1981, at a driving pres-
cure difference of 1.0 MPa (no backpressure in the freezing channel),
a fuel temperature =3770 K, and an initial steel temperature of 9431
33 K averaged along the freezing ~ channel. Because massive steel
malting had not been observed in TRAN-2, the goal of TRAN-3 was to
raise the steel temperature to 1073 K where rapid steel melting was

,

vory likely. However, the glass-wrapped heater tapes used in these
early experiments began to fail, and TRAN-3 was performed hastily as

i the temperature was falling. In TRAN-3 care was taken to apply the
driving pressure very close to the time of fuel melting, but no
carlier.

4

!

i 1. PRESSURE TRANSDUCER DATA FROM TRAN-3

i The ACRR power peaked at 326 ms, so A t = t - 326 ms. The driving
pressure pulse of =1.0 MPa was fully applied to the fuel at At = -10

'

ms, and gas flow into the dump tank began at at = +90 ms (Figure 45).
,

An increase in the gas flow from the reservoir appeared to occur at At
,

! = +130 ms (Figure 46). However, the dump tank and pressure reservoir
transducers indicated a pressure discrepancy at 8 s of about 0.38 MPa,
which is somewhat larger than would be expected based on estimates of
transducer errors. In addition, the pressure appears to be lower in
the reservoir than in the dump tank at about 2 s, which is difficult
to reconcile with the steadily increasing pressure in the dump tank.
Because these discrepancies are not understood at present, it seems
bact to rely on the dump tank transducer, which shows very little
evidence of radiation noise. For At > 100 ms the pressure transducer
just above the solenoid valve showed a large, erratic signal decrease,
which indicated transient heating of the transducer face (Figure 47).

The initial phase of pressure equilibration in the dump tank was
complete at at = 0.35 s, which indicates a gas flow rate only 25
psrcent as large as for an empty flow channel. Final pressure equili-

5s (probably including gas heating effects).bretion occurred at At =

Thus, molten fuel appeared to block the gas flow for 80-120 ma, but
tho freezing channel then opened up partially, and a tight blockage
was not formed.
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2. FUEL MOTION DETECTOR DATA FROM TRAN-3

For -0.015 s <At <0.015 a the fuel motion detector signals resembled
the TRAN-2/R signals, but the peak amplitudes ranged from 5 to 24
parcent lower, the average decrease in peak signal being 12 percent.
The normalization detector signal decreased by only 5 percent, which
might result from variations in the ACRR power. An overall decrease
in signal intensity might also result from the somewhat higher initial
cteel temperature of the TRAN-3 experiment (943 K vs. 873 K for
TRAN-2/R). Differences between individual detectors could result from
olightly different detector placement on the fuel housing, or changes
in detector characteristics cadsed by handling (during removal from
TRAN-2/R and re-installation on TRAN-3). An additional factor in
comparing TRAN-3 with TRAN-2/R is that axial expansion of the fuel by,

| al0 percent had already occurred before the TRAN-2/R experiment.*
1

From the above discussion, it appears difficult to rely on absolute
cignal levels without careful pre-calibration of the detectors under
cctual operating conditions. Therefore, differences in signal shape
et late times (a t > 0.025 s) were also oxamined. Tne signal shapes
ware compared to the late-time ACRR power signal (Figure 48) and the
*
Axial expansion caused by fuel cracking occurred during TRAN-2A/E.
Thus, the fuel in TRAN-2/R had a higher (= 10%) porosity than the fuel
in TRAN-3.
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Figure 48 ACRR power at the tail of the ACRR pulse.

late-time normalization detector signal (Figure 49), which have simi-
lar shapes. Relative to these two signals, the fuel motion detector
located 11.5 cm above the entrance to the freezing channel showed a
broad peak at At=0.15 s (Figure 50). The signal from the detector
located at the exit of the freezing channel (Figure 51) resembled the
normalization detector signal within the experimental noise. The
detectors at the top and bottom of the fuel melting chamber were not
recorded with sufficient precision to see late-time signal shapes.

In summary, the fuel motion data contain excessive noise such that the
late-time signals are difficult to interpret. Hence, care must be
taken to amplify the signals so that they can be read with greater >

precision by the ADC. Although there are indications of fue] m n H. c r.
into the freezing channel, detailed analysis must be performed to
confirm the detection of fuel motion.
3. TilERMOCOUPLE DATA FROM TRAN-3

After correcting for gamma heating, the temperature rises of thermo-
couples located at the fuel melting chamber, at 11.5 cm, and at 39.4
cm above the entrance to the freezing channel were 67 K, 20 K, and
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Figure 49 Normalization detector signal at the ACRR pulse tail.

19 K, respectively. The 67 K temperature rise is consistent with most
of the fuel leaving the fuel melting chamber, and the 20 K temperature
rises are consistent with UO2 freezing and filling part of the freez-
ing channel.t

4. RADIOGRAPHY OF TRAN-3;

| Radiographs of TRAN-3 showed a frozen layer (presumbly UO2) extending
| 67 cm into the freezing channel, with no obvious blockages. Below the
' fuel melting chamber, hollow spheres of fuel apperared to have come to

rost in the exit of the solenoid valve, and in the pressure transducer
h:using just above the solenoid valve. These spheres may have caused

| the transient heating that was observed in the signal trace of the
pressure transducer located just above the solenoid valve. The threei

| cpheres ranged in diameter from 3.0 to 3.5 mm. Little or no debris
was observed beyond the freezing channel exit or in the dump tank. The
frozen UO2 layer was uniform except for some thickness variations and
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Figure 50 Signal from the fuel motion detector located at 11.5 cm
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axial gaps in the layer, in the =20 cm near the leading edge of the
crust. There was some evidence of widening of the freezing channel
near the entrance from 3.2 to =3.8 mm diameter.

5. GAMMA SCANS OF TRAN-3

As described in Appendix B, Section 5, the small fuel spheres observed
' in the pressure transducer housing of TRAN-3 were used to identify

which gamma ray lines were most characteristic of fuel. Using two of
these four lines, scans were made of the TRAN-3 fuel distribution
(Figures 52 and 53). In contrast to the scan made with the 1596 kev
line of 140La (Figure 54), these scans were in good agreement with

i the radiographs, showing a relatively uniform fuel layer extending
68.7 1.2 cm from the entrance of the freezing -hannel, with only a
cmall amount of fuel debris beyond the exit of the freezing channel.
About 40 percent of the fuel was located beyonc the entrance to the
freezing channel, somewhat lower than the 50 percent estimated for
TRAN-2/R. Because the pressure pulse was applied at At = 0 in TRAN-3,
or nearly at the time of fuel melt, it is possible that some early
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Figure 51 Signal from the fuel motion detector located at the exit of
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downward fuel dispersal occurred, resulting in less fuel available for
entry into the freezing channel.

6. EXAMINATION OF TRAN-3 IN HOT CELL FACILITY

It has not been decided whether to examine TRAN-3 in the HCF, in view
| of the financial constraints and the relatively simple characteristics
i of the frozen fuel structures observed in radiographs. If it were
! excmined, emphasis would be placed on the nature of any debris in the
| dump tank, on the evidence for possible steel melting near the en-
| tecnce to the freezing channel, and on the nature of the fuel debris
| balow the fuel melting chamber (in an effort to determine when and how

tho fuel flowed down into this region). It might also be of interest
,

| to examine the upper end of the frozen fuel layer for evidence of fuel
| cplashing or the existence of a transient blockage near the leading

cdge of the flow.

I
I
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7. INITIAL FUEL CONDITIONS IN TRAN-3

BOsed on the fuel-temperature rise measurement, the fuel temperature
in TRAN-3 was estimated to be =3770 K. Because the pressure pulse was
cpplied near fuel melting (for an average element of fuel), fuel
disruption and dispersal may have occurred earlier at the ends of the
fuel column. Any fuel which flowed downward out of the fuel melting
chamber is unlikely to be forced back into the freezing channel by the
cpplied pressure pulse. Therefore a reduced amount of fuel could have
been forced into the freezing channel.

If a short slug of fuel enters the freezing channel, the slug would be
quickly depleted by crust formation and liquid film deposition. There-
fore the true f reezing and plugging behavior of a very large mass of
fuel may not have been observed in TRAN-3. Because no gas flow past
the fuel load was observed in the first three TRAN experiments, it was
decided to apply the driving pressure well before fuel melt in TRAN-4
cnd TRAN-5, to maximize the amount of fuel pushed into the freezing
channel. Although this might result in some additional uncertainty in
the fuel temperature, the characteristic freezing and plugging behav-
ior of a very large mass of fuel might be more readily observed.

E-9



__ _

8. INITIAL STEEL CONDITIONS IN TRAN-3

| Because the glass-fiber-insulated heater tapes were failing, the
i experiment was performed as some portions of the freezing channel were
i beginning to cool down from temperatures > 973 K. Figure 55 shows a'

plot of the steel temperature at the beginning of fuel flow, including |the effects of transient gamma heating. The average temperature was943 33 K. New heaters of a different type were installed on later
experiments.
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Figure 55 Initial steel temperature along the freezing channel for
the TRAN-3 experiment.
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APPENDIX F

RESULTS OF TRAN-4 EXPERIMENT

ThO TRAN-4 experiment was performed on December 7, 1981 at an initial

ctcel temperature of 1170 K, an initial fuel temperature of "3800 K,
cnd a driving pressure of 1.0 MPa, with no significant backpressure in
the freezing channel or the dump tank. The purpose of this experiment
vna to investigate phenomena which might be expec}gd when instantane-
cuo steel melting occurs. Calculations by Hayden had previously

chewn that such instantaneous melting might be expected'at initial
ctcel temperatures above 1100 K. New coaxial heaters were installed

Toto permit reliable operation at much higher steel temperatures.
coximize the mass of fuel available for flow into the freezing chan-
nol, the driving pressure was applied well before the onset of fuel
colting (earlier experiments had indicated little or no leakage of gas
pact the fuel load). An unchanged driving pressure and an unchanged,
high fuel temperature were chosen to maximize steel melting and to
provide direct comparison with preceding experiments conducted at
lower steel temperatures (TRAN-2 and TRAN-3). In good agreement with
Hayden's calculations, the posttest radiographs and analysis of TRAN-4
in the HCF demonstrated extensive steel melting and removal, accom-
psnied by radically new fuel / steel interaction phenomena.

As stated previously, the phenomena of fuel-steel interaction in the
higher-temperature range were quite difterent. Most of the informa-
tion on these phenomena was obtained by examination of TRAN-4 in the
HCF. A fuel crust was still observed, but near the channel entrance
it lay over a region of melted and frozen steel "O.1 mm thick. The
outer surface of the molten steel layer was relatively circular in
cross-section, but the inner surface showed azimuthally-varying thick-
nosa, and in some cases narrow peaks of steel projecting toward the
channel axis. The outer surface of the fuel often conformed closely
to the curved steel surface, implying that the fuel was still molten
at the time of formation of the steel " waves". Near the channel
entrance much of the molten steel had been removed, leaving narrow,
icolated steel peaks at several azimuthal locations. The fuel crust
did not appear to have the clear, radially-oriented grains seen in
TRAN-1. At one axial location a pure steel layer "O.14 mm thick was
found between two fuel layers 0.2 and 0.4 mm thick. At another axial
location a steel layer was found lying over a thick fuel crust.
Careful examination of some cross-sections revealed a few isolated
droplets of fuel and steel that were intimately mixed, possibly repre-
conting a eutectic phase. However, most of the cross sections in
TRAN-4 were consistent with entrainment or removal of steel in rela-
tively large, continuous sheets rather than intimate mixing of fuel
and steel particulate. In some cross sections the fuel appeared to be
loss than fully dense.
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1. PRESSURE TRANSDUCER DATA FROM TRAN-4

The ACRR power peaked at 328.5 ma, so at = t - 328.5 ms. The pressurepulse was fully applied by At = -35 ms. Based on data from the
helium reservoir (Figure 56) and dump tank (Figure 57) pressure trans-
ducers, significant gas flow nto the dump tank began no later than At

*

= 130 ms. Radiation noise in the pressure transducers obscured the
early details of the gas flow, but it is conceivable that some gasflow may have begun as early as At = 5 ms. Gas flow continued untilat = 1.7 s, with an abrupt flow decrease at at = 0.5 s. Based on asmall negative transient observed at the dump tank pressure trans-
ducer, the main gas flow was again preceded by a mass of hot material
which was associated with little or no gas. This hot material arrived
at the dump tank at at = 40 ms. At at = 160 ms the pressure trans-
ducer just above the solenoid valve began to display erratic negative
signal changes, typical of those caused by heating of the transducer
diaphragm. This appears to indicate late-time drainage of molten
material from the fuel melting chamber down to the solenoid valve
region.
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| Figure 56. Short-term helium reservoir pressure
in the TRAN-4 experiment.

I F-2



_ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ -

1.0 . i i i . i i i .

-

0.8 -

9
$ O.6

-
-

-

m

$ 0.4
-

-

m
m
m -

ct 0.2 -

o.

0.0 W T NJ. C d -

. I i i i e i i i

0.0 0.2 0.4 0.6 0.8 1.0

TIME (s)

Figure 57 Short-term dump tank pressure in the TRAN-4 experiment.

2. FUEL MOTION DETECTOR DATA FROM TRAN-4

D3 tailed fuel motion data were recorded for TRAN-4, but funds have not
b en available to analyze the data. A cursory examination of the data
chowed that at least one detector (located at 11.5 cm above the on-
trance to the freezing channel) shorted out near the peak of the ACRR
pulse. It is not clear whether this failure was an indication of a
tcmperature limit on detector operation, or merely the result of
rcpeated bending of the detectors during remova'. and re-installation
cn three different TRAN experiments.

3. THERMOCOUPLE DATA FROM TRAN-4

The accuracy of the thermocouples at these highor temperatures was
checked during the testing of the new coaxial heaters, by comparing
the temperatures measured through the data system, with direct mea-
curements of thermocouple output voltage, and with the temperature as
recorded by a Doric Type K thermocouple readout unit. Good agreement
was obtained among all measurements.

The average initial steel temperature measured at six points along the
fuel melting chamber and freezing channel was 1170 1 40 K. Peak
transient temperature changes (after correction for immediate gamma
ray heating) were 6 K at 39.4 cm above the entrance to the f reezing
channel, and O K at 99 cm above the channel entranco, indicating
frozen fuel only in the lower part of the freezing channel.
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4. RADIOGRAPHY OF TRAN-4

Radiographs of TRAN-4 showed extensive steel removal near the channel
entrance, and a complex shape of the fuel crust, including large
variations in the apparent crust thickness and some regions in which
material might have filled the channel completely. Particularly
observed were: (1) A much shorter crust length (48 cm vs. the 67 cm
seen in TRAN-3); (2) an abrupt decrease in crust thickness at 26 cm
above the channel entrance; (3) large amounts of steel removal in the
first 5 to 8 cm of the freezing channel; (4) a much thicker crust in
the lower 26 cm of the freezing channel (0.7 mm vs. the 0.3 mm seen in
previous experiments); (5) no blockages at the end of the crust, but a
region from 8 to 17 cm which appeared to be nearly filled with low-
density material; and (6) a large fuel accumulation in the upper half
of the fuel melting chamber. Based on these radiographs, locations
were chosen for transverse cuts through the TRAN-4 freezing channel.
No loose debris was observed beyond the end of the fuel crust or in
the dump tank in these radiographs.
5. GAMMA SCANS OF TRAN-4

The radiographs of TRAN-4 showed such interesting fuel / steel inter-
actions that immediate disassembly in the HCF was advisable. There-
fore a rather cursory gamma scan was made of TRAN-4, with only enoughda ta taken to confirm a fuel crust length comparable to that observed
in the radiographs (for example, no data were taken in the dump tank
region). A fuel crust length, Lc, of about 48 cm was derived from the

t

gamma scan. In some regions the gamma intensity appeared to change
less rapidly than the average density seen in the radiographs, which
is consistent with relocation of molten steel. A large fraction of
the fuel (about 30 percent) was observed in the fuel melting chambor,
with strong axial variations in its distribution. This would also be
consistent with draining of molten fuel back into the melting chamberfrom part of the fuel freezing channel. A large fraction of the fuel
(about 30 percent) was also observed below the fuel melting chamber,
in agreement with previous experiments. A plot of the gamma intensity
and resulting implied relative fuel distribution is shown in Figure58.

6. EXAMINATION OF TRAN-4 IN HOT CELL FACILITY

The evidence of significant steel melting in TRAN-4 and a radically
dif ferent appearance of the U02 crust argued for immediate study of
TRAN-4 in the HCF. Based on the radiographs, the fuel housing was
sectioned transversely at specific locations. In TRAN-4 clear evidence
of steel melting and interaction with fuel was observed, in contrast
to earlier results at lower steel temperature. Some of the unique
phenomena observed at various axial locations include " foamy" U02
crusts with roughly spherical inclusions of steel, a " fluted" inter-
face between the UO2 crust and the underlying steel, and alternating
layers of UO2 and steel. In this section, the principal results are
described and photomicrographs of representative cross-sections are
shown. A complete report has boofuel / steel interactions observed.g7 written on the types of crusts and
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Figure 58 Gamma intensity and the normalized fuel distributi g Ru.for
the TRAN-4 experiment using the 497.1 kev line of

Figure 59 shows a cross-section 0.2 cm below the entrance to the fuel
freezing channel, in the cone shaped transition region. At the outer
cdge of the figure the coarse-grained structure of the as-fabricated
wall is seen. A region of fine-grained steel, which appears to be
melted and re-frozen, is visible scound part of the central hole. The
cuter boundary of this fine-grained steel region is approximately
circular, but the inner boundary shows fingers and sheets of steel, or
contact with fragments of UO2 crust. It appears that the molten steel
has been stripped off the wall in thin sheets by fluid instabilities
over some azimuthal regions, leaving behind tha fingers or islands of
colten steel. Over other azimuthal regions, the UO2 crust may have
protected the molten steel from removal. It is interesting to note
that the UO2 crust does not appear to contain any steel.
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Figure 59 Cross-section through the end of the cone-shaped transition
at the entrance to the freezing channel of the TRAN-4
experiment.

l

i

Figure 60 shows a cross-section at 9.8 cm above the entrance to the
freezing channel. The roughly circular outer boundary of the melted
and re-frozen steel is clearly visible, and there are large azimuthal

[variations in the steel layer thickness. A thick 002 crust is pre- jsont, but the large radially-oriented grains seen in TRAN-1 are not '

visible, and the crust appears to have interacted with the steel at !one point along its outer boundary. A few inclusions of molten steel !may be present in the UQ , but there appears to be no fine-scale
|mixing of fuel and steel.
,

Figure 61 shows a cross-section at 12.8 cm above the entrance to the '

freezing channel. Although a thick UO2 crust is visible, the under- ilying steel layer has broken through it in several azimuthal loca-
tions, apparently because of fluid instabilities. The high curvature iof the fuel / steel boundary, the close contact between the fuel and
steel, and the relatively unfractured condition of the UO2 next to the I
steel indicate that the boundary was formed while the bulk volumes of

;
the two materials were still molten. Sheets of molten steel are
visible on the inside surface of the UO2 crust. Several small glob-
ulos of mixed fuel and steel about 0.1 mm in diameter are visible
inside the fuel crust, but again there is no evidence of fine-scale !
mixing of fuel and steel.

;
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Figure 62 shows a cross-section at 24.1 cm above the entrance to the
freezing channel. An almost continuous outer fuel crust is visible,
containing a number of globules of mixed fuel and steel. Toward the
center of the channel there is an almost continuous layer of steel,
although the layer thickness is highly variable and the layer contains
some fuel crust particles. Finally, there is a thick fuel crust
covering about half of the steel layer, which has a much more irregu-
lar outer boundary than inner boundary. Because this inner crust is
not highly fractured, it appears to have assumed its curved shape
while it was almost totally molten.

Near the end of the fuel crust observed in radiographs, a section
showed a thick fuel crust, with a thick steel layer lying over its
inside surface, suggesting that steel remained molten much longer than
the fuel, and was moved around by the flowing gas. At much higher
locations in the freezing channel, sections showed a few fragments of
crust and thin layers of molten steel, which may have been deposited

i
by the flowing gas. Although there was not much evidence of fuel on j
the side walls of the dump tank, about one gram of mixed fuel and |
steel was observed on the top cover of the dump tank. This accumula-
tion of debris was composed of two types: a finely-divided loose black
powder which appeared to have been sprayed radially outward over the
cover plate, and a compact mass of mixed fuel and steel about 1 cm in
diameter and a few mm thick which adhered strongly to the center of
the cover plate. The particle sizes in this mixed mass were so small
that it was impossible to resolve fuel particles from steel. However,
based on earlier work, some of the particles might have been steel
globules or spheres with frozen fuel adhering to them (see Figure 63).
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Figure 62 Cross-section at 24.1 cm above the freezing channel
entrance of the TRAN-4 experiment.
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Longitudinal . cuts were made along two short sections of the freezing
channel, beginning at axial-locations -0.2 cm and 24.1 cm above the
entrance to-the freezing channel. These longitudinal cuts are shown

[ in Figures 64 and 65. The lower cut shows a very complex crust. shape
j .with molten steel filling the entire cross-section of the cut at two
L axial locations, which would imply complete blockage of the channel.

However, the steel may have flowed into this position after pressure,

; equilibration or there'may have been a tortuous path through this
region which may have permitted some~ gas flow. This steel blockage
was very difficult to.see on the radiographs. The. upper longitudinal,

section shows a clearly-defined meniscus of frozen steel, which indi-,

cates steel draining, because it is concave toward the upward,

| direction.

An interesting structure was observed in some of the isolated globules
of steel which were sometimes found in. thick UO2 crust regions. Figure
66 shows two such steel globules with very different appearances. The
larger globule (about 100p in diameter) appears to be mostly steel,
but.a small amount of UO2 has apparently precipitated out of the steel
in the form of a grid-like structure. It appears that the original
globule was a steel /UO2 eutectic with a low UO2 content. The smaller
globule appears to have been mostly UO2,.with a small amount of. steel,
and the UO2 has precipitated out in the form of a coral-like struc-

These mixed UO / steel globules have been observed only ini ture. 2
! TRAN-4 thus far, suggesting that a minimum steel or fuel temperature

is required to form the eutectic.

'

In the fuel _ melting chamber the fuel crust was highly variable in
thickness, and appeared to have been distorted away from the under--

! lying steel wall in some regions. At some points the crust seemed to'

terminate in teardrop-shaped globules of fuel, which could be indica-
tive of fuel draining back into the fuel melting chamber. Finally, in
the region below the fuel melting chamber where much of the fuel has
typically come to rest, " wavelike" melting of the underlying steel was
observed in some areas.-

7. INITIAL FUEL AND STEEL CONDITIONS IN TRAN-4
,

3

,I Based on the measured ACRR power traces and the shot size data pro-
'| vided by ACRR operations, the adiabatic fuel temperature at the end of

the ACRR pulse was 3773 2 150 K. The pressure was applied about 30 ma
before fuel melting, to maximize the amount of fuel available to flow
up the channel. However, the rapid onset of gas flow through the
channel may indicate that the penetration distance was controlled by'

- depletion of fuel, and not by freezing mechanisms. The initial steel
temperature as measured by seven thermocouples located along the
freezing channel was 1169 i 33 K. The measured axial variation of
channel temperature is shown in Figure 67. The new heaters worked
very reliably.

i
L
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APPENDIX G

RESULTS OF TRAN-5 EYPERIMENT

Experiment TRAN-5 was performed at the same initial fuel and steel
conditions as TRAN-4, but was designed to approximate the conditions
expected during the CRBR LOF Trsnaition Phase more closely. Therefore

a much lower driving pressure difference was selected (0.3 MPa). The
observation of the finely-divided fuel debris in the dump tank had
also raised the question of whether boiling of the leading edge of the
fuel fluw might dominate the freezing process. Therefore boiling of

fuel was prevented by placing an initial backpressure of about 0.2 MPa
of helium in the fuel melting chamber, freezing channel, and dump tank
regions.

Unfortunately, when TRAN-5 was performed a large transient pressure
pulse of about 0.3 MPa was generated in the dump tank by the presence
of the initial backpressure. This pressure pulse may have signifi-
cantly affected the fuel flow. Simple calculations show that about
one gram of finely-divided debris could produce such a pressure pulse
by rapid transient heating of the gas in the dump tank. Although this
makes a direct comparison of TRAN-5 with earlier experiments in the
ceries more difficult, it probably indicates that the finely-divided
debris at the front of the fuel slug is a fundamental property of the
flow. It also indicates that the earlier TRAN Series I experiments
are measuring realistic freezing phenomena which are not dominated by
the low backpressure in the freezing channel.

1. PRESSURE TRANSDUCER DATA FROM TRAN-5

The ACRR power peaked at 328 ms, so A t E t -'328 ms. The pressure

pulse was fully applied by at = -30 ms. Based on data from the helium
reservoir (Figure 68) and dump tank (Figure 69)' pressure transducers,
gas flow into the dump tank began no later than at = 120 ms, and flow
might have begun as early as At = 30 ms. Because of the very low

pressures, radiation noise on the helium reservoir and above-
solenoid-valve transducers was about twice as large as in TRAN-4.
This made the absolute pressures recorded by these-two transducers
unreliable for about 100 ms after the ACRR pulse peak. Therefore the
dump tank transducer was relied upon for interpreting the experiment
in this time region. In addition, the above-solenoid-valve transducer
signal became erratic at a t = 70 ma, and went completely off scale in
the negative direction at A t = 310 ms (Figure 70). This is the typi-
cal' behavior for severe transducer heating, and the' radiographs later
showed a large droplet of molten material deposited almost opposite
the transducer face.
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Figure 68 Short-term helium reservoir pressure in the TRAN-5
experiment.

The most striking chtnge in the pressure behavior during TRAN-5 was
the large transient pressure pulse observed at the dump tank (Figure69). The pressure record began at the initial value of 0.2 MPa. There
was no early negative transient as in all previous experiments, but
instead the onset of a pressure increase at At = -10 15 ms. The
0.3-MPa-high pulse peaked at at = 60 ma, and decayed back to an
absolute pressure of 0.34 MPa at at = 400 ms, after which a slow
pressure rise similar to previous experiments brought the pressure to
0. 5 M Pa a t a t = 7.7 s. Because the pressure was applied well before
the onset of radiation noise, the initial pressure signals of the
helium reservoir and above-solenoid-valve transducers were used tocalibrate the pressure changes.

Such a large but rapidly-decaying pressure pulse cannot be explained
by a " puff" of gas passing through the freezing channel, because the
gas would have to be extremely hot (and therefore at very hig- pres-
sure), but not very massive. The rapid decay suggests heating of the
gas already in the dump tank, perhaps by a mass of finely-divided fuel
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Figure 69 Short-term dump tank pressure in the TRAN-5 experiment.

and steel debris similar to that observed in TRAN-4. Although post-

test analysio has not been performed, the gamma scans of TRAN-5 show
the presence of fuel debris at the very top of the dump tank, in spite
of the high background gas pressure.

Simple heat-capacity calculations show that the observed heating of
the dump tank gas could be accomplished by cooling of one gram of fuel
by a few hundred degrees. The heating would be facilitated by the fine
scale of the debris, and spreading of the debris as it entered the
dump tank would bring it into contact with much of the gas.
Because the absolute pressure in the dump tank was almost equal to the
driving pressure applied below the molten fuel (for about 40 ma cen-
tered around At = 60 ms), the pressure pulse could have significantly
affected the fuel flow up the freezing channel.

2. FUEL MOTION DETECTOR DATA FROM TRAN-5

No fuel motion detectors were installed on TRAN-5, in order to make
room for additional thermocouples, and to save time in assembling and
performing the experiment.
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Figure 70 Short-term melting chamber pressure in the TRAN-5
experiment.

3. THERMOCOUPLE DATA FROM TRAN-5

The thermocouple data were consistent with flow of much of the fuel
out of the fuel melting chauber, but penetration of the fuel for only
a relatively short distance up the channel.

4. RADIOGRAPHY OF TRAN-5

The radiographs of TRAN-5 did not show the complex fuel crust shape
observed in TRAN-4, and instead resembled TRAN-1 and TRAu-3. A fuel
crust 46 0.6 cm long was observed, with a relatively uniform thick-
ness, wnich left the channel generally open. There was an increase in
crust thickness over a few cm near the leading edge of the flow, and a
fuel accumulation at the upper end of the crust, but this accumulation
did not appear to block the channel. The fuel crust in the fuel
melting chamber was very nonuniform in thickness, and may be composed
in part of fuel droplets which have drained out of the freezing chan-
nel and the upper part of the melting chamber. A large droplet of
fuel was observed in the pressure transducer housing just above the
solenoid valve, more than 20 cm below the base of the fuel melting
chamber. Small spheres of fuel were also observed in the exit port of
the solenoid valve. This large amount of molten fuel below the

G-4
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melting chamber, together with the pressure transducer traces, implies
a large amount of late-time fuel drainage.

5. GAMMA SCANS OF TRAN-5

The gamma scan of TRAN-5 was one of the most complete made during the
series. Figure 71 shows the axial dependence of the intensity of the

103 Ru, with the implied final fuel distribution. A497.1 kev line of
roughly uniform fuel crust 43.5 0.4 cm long can be seen in the

figure. A small amount of fuel was scattered along the rest of the
freezing channel, with about 0.6 g of fuel in the dump tank. This

included some against the cover plate at the very top of the dump
tank. About 25 percent of the fuel was in the melting chamber, about
20 percent in the fuel crust in the freezing channel, and about 50
percent below the melting chamber.
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Figure 71 Gamma intensity and the normalized fuel distribution for
the TRAN-5 experiment using the 497.1 kev line of 103 Ru.
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6. EXAMINATION OF TRAN-5 IN HOT CELL FACILITY

TRAN-5 has not yet been examined in the HCF. If 'anding permits, the
channel will be examined for steel melting and removal, the dump tank
debris will be examined to see if the initial backpressure has affec-
ted its character, and the fuel in the melting chamber will be examin-
ed to see if it contains any steel which might have come from the
freezing channel.

7. INITIAL FUEL AND STEEL CONDITIONS IN TRAN-5

Based on the fuel calorimetry experiments performed just before
TRAN-3, the adiabatic initial fuel temperature was 3598 i 150 K. The
initial steel channel temperature averaged over ten points was 1148 i
34 K, as shown in Figure 72.
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Figure 72 Initial temperature of the freezing channel
of the TRAN-5 experiment.

G-6

. . _ _ _ _ _ __ - ________ _____ - -_



APPENDIX H

FINITE-MASS CRUST GROWTH MODEL

A simple finite-mass crust growth model was developed to investigate
the importance of finite-mass effects on the fuel freezing behavior.
The model accounts for:

1) stable crust formation as in the conduction freezing model,

2) deposition of liquid film at the trailing edge of the finite-
mass slug,

3) an overall energy balance in the bulk molten fuel as well as
the effect of turbulent heat transfer from the possibly super-
heated bulk fuel to the crust (effect on growth constant A),
and

4) feedback from the decreasing mass of liquid fuel (due to crust
growth and film deposition) on the liquid fuel slug velocity.

The model 's basically an application of the principles of mass and
j energy conservation.

1. DERIVATION OF EQUATIONS FOR PENETRATION LENGTH

Consider a liquid slug of mass m in the channel at time t = 0 as
shown in Figure 73. The channel walls move downward with a velocity u

for t > 0. The mass in the liquid slog is continuously depleted by:

) 1) conduction freezing of UO2 at the stainless steel wall that
results in a stable crust adhered to the wall;'

from the back of the slug deposited in2) a liquid film of UO2
crust.passing over the frozen UO2

| The governing equations for the conservation of mass, assuming con-
duction-freezing stable-crust growth coupled with liquid-film deposi-
tion, are given by:

b2\I [D 2
[ ! )| (H.1)

c }
l* /4)1

I 2 2. -DEs+D -D H" E lI fd
="out g

\ ) \ }\ )\
II I l/2 I *

a Az/u assumes t = Az/u (H.2)2A:l S =
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Figure 73 Features of the finite-mass crust growth model.
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( }" " 2 (Az/D f p3
*

s r - [r - 6)22 = 0.15sr (H.4)g c

In these equations, D is the channel flow diameter at the trailing
cedge of the slug after the formation of a conduction-controlled

frozen-UO2 crust, 6 is the U02 conduction crust thickness, D is the
channel flow diameter which results after liquid-film depositkNn over
the crust, and 6 is the liquid-film thickness. The final crust

g 6g+6 (Figure 73),thicknesa at the back of the slug is then 6 =
b c

=D Equation H.4 is an empirical rela-cnd the open diameter is D
tion for liquid film deposition Ne. rived in Reference 18. The equation

g

states that the liquid volume fraction is 15% of the total flow volume
available. To solve Eqs. H.1 - H.4 for final crust thickness, final
crust length, and total flow time, all variables are first written as
functions of mass alone.

The slug length, Az, is given as:

"
Az = (H.5)

2
P ury 0

(An implicit assumption in Eq. d.5 is that the overall slug length
will not be significantly affected by neglecting the difference in
density of liquid UO2 in the slug and solid UO2 in the crust. This
assumption is valid as long as the cross-sectional mass is predomi-
nantly liquid.)

Subsequently, the velocity and crust thickness can be written as:

*
2, (H.6)u amf

and
. .

1/2
6 =2A !8mf )"" (H.7)
# p ur AP RDy g

. .

In Eq. H.1, the diameters can be written in terms of the radii to
yield:

I I 2 2I/ 2 2
| "" P *l #c fd y

.

-# I nu p (H.8)mout " | #o - #c s
t / k /
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From Figure 73, the relationships

S (H.9)r *# -

c o c

and

6 (H.lO)c"#b+ gr

or

("*c"#fd * f
r

are obtained, and substitution of Eq. H.9 in the first term of Eq.
H.8, and Eq. H.ll, solved for rfd, into the second term yields:

/ 2 I I 2 1.

m =| 2r 6 +
j ( cf f "" 1 (H.12)"s+ # -

out ( oc c j

Rewriting the second term and comparing it to Eqs. H.4 and H.9 shows
that:

6 - 2)! " E(2r
/ 1.

6 2 "" E (H.13)+ 0.151 r"out =i (0 c)I
-

loci c/ s

3 2 -!Let Gy=f Apx p r (H.14)g

2 = 2 Aj/
I 1/2G aG

y>
j (H.15)

(

f 3) 1/2sapr
' (H.16)G =

3 k f /

Then we have:

6 = G in /43
2 (H.17)e

and

-1/2u = G3m (H.18)

Substitution of Eqs. H.17 and H.18 into Eq. H.13 gives the following
expression for the rate of mass depletion from the liquid slug:

a m /4 , 3/4 , ,6
y,

(H.19)mout" m /21

H-4
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where

f i 2 (H.20)1 0.15p1-ps[G2 *G3a 1=

p, - 0.15p \f
1 2r G nG (H.21)a =

2 j
y/ 2 3

(

nG (H.22)3 = 0.15p ryo 38

The rate of change of mass in the slug is given as:

-h = -s (H.23)
out/ slug

Integrating both sides of Eq. H.23 yields an integral expression re-
lating mass, m, in the slug to a time, t:

m
"

=t (H.24)-
,

"out
o

Where m is given by Eq. H.19. The solution to Eq. H.24 depends on
the sign bf the term (4ata3 - a22), which turns out to always beou

negative. If one makes the substitution of variables:
x=m (H.25)

then the solution to Eq. H.24 is given by:

~ f \

4 1" "l*2 * *2* * 83;|
'"~3 2a

- 1

-l[ 2a x + a ) *a y 22
* tanh (H.26)

2 1/2 2 1/2'
8 8 - 4a a *oy 2 ~ 4*1 3 2 y3a a j

to yield the time
Equation H.26 can be evaluated for a given A and m, Equation H.18 can
t, at which a given mass, m, is left in the slug.
be used to solve for the distance, z, travelled by the slug when it
has reached a mass, m:

"
dm

z = -G (H.27)
a m /4 + a "3/4 + "3

63
y 2

"o

H-5
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Equation H.27 must be solved numerically for a given m m, A, and AP.g,
The liquid-film thickness, 6 can be written'as:,

6g = 0.078 (r -6 ) (H.28)

so that combining Eqs. H.17 and H.28 yields the total UO2 crust thick-
ness behind'the slug as a function of mass in the alug:

6 0.078 r, + 0.922 G m (H.29)=
2

Thus, using Eqs. H.26, H.27, and H.29, one can solve for flow time,
:

-crust length, and total crust layer thickness as a function of mass in I

the slug.

2.- SOLUTION FOR GROWTH CONSTANT WITH TURBULENT HEAT TRANSFER

An important parameter in equations H.26 - H.29 is the crg t growth |
constant, A. In_the early conduction analysis of Epstein. it was
determined that for UO2/ steel systems, a typical value for the growth
constant is A = 0.8. However, this solution for the growth constant.
is derived from a conduction heat transfer analysis at the solid /lig-
uid UO2 interface. Actually, the appropriate boundary condition is
turbulent convective heat transfer (neglecting entrance region ef-
fects). The solution sets of Reference 10 can still be used to deter- I

mine the growth constant A by using an ef fective teuiperature, T', in
the equations such that the calculated interfacial heat transfer is
numerically equal to that of turbulent convective heat transfer.

For a conduction heat transfer analysis, the UO2 solid / liquid inter-
facial boundary condition is given to be:

d6dT dT c
E a * *1 Efl + hp (H.30)l dts

Equation H.30 balances the conduction through the liquid and the
liberated heat of fusion upon soliaification at the solid / liquid
interface with the conduction through the crust. For convective heat
transfer, however, the energy balance is actually:

|

dT) ( ) d6
c

sea =h T, -T + hp (H.31) |c g 1 dt

One must therefore impose-the condition that the liquid conduction
term in Eq. H.30 is numerically equal to the convection term in Eq.
H.31 by using an effective temperature slope in the liquid given by:

I'mp = h~
K K T ("* }1 b~ f,mp

Or

H-6
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u

k

| h#e
T' Tb-Tg ,,p) g,,p (H.33)' +T=

g

where h is the turbulent hea t transfer coefficient, and r is thec
channel rsdius.

The effective value of T' is then used as the bulk liquid temperature
in the solutions of Reference 10 for A.

H-7
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Nomenclature-

D channel diameter, cm

AP differential driving pressure, g - cm /s2,3

L channel length, cm

X penetration distance, cm |
P |

m mass penetration, g ip
t time, a

T temperature

C specific heat J/g-Kp
u variable velocity

f friction factor, ~0.007 )
h heat of fusion

h convective heat transfer coefficiente
Az slug length

t* flow time past a point on the wall

x variable substitution: x = m /43

Subscripts

a solid phase

1 liquid phase

w wall

o initial conditions

f, UO2 fuel or film
mp melting point

t s, steel

c crust

fd film plus crust

Greek

2v kinematic viscosity, cm /3

e conductivity, W/cm-K

A crust growth constant
2a thermal diffusivity cm /s

p density

6 crust thickness

H-8-
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